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Abstract 

A performance monitoring study was conducted aboard electric cable shovels at three different 

open-pit mines for the purposes of quantifying digging effort.  A comparative analysis of public 

domain diggability metrics was conducted to look at the influence of rock types, fragmentation 

distribution, blasting practices, excavator capabilities and other factors on calculated values.  

Results showed that fragmentation size distribution and excavator capabilities (power and size) 

influenced shovel behaviour significantly, resulting in public domain diggability metrics to be 

non-representative of digging conditions at some sites.  Further analysis of performance 

monitoring data demonstrated that energy consumption monitoring was representative of digging 

conditions at sites where public domain diggability metrics failed.  All shovels in this study were 

excavating in blasted, hard rock environments.  

Concurrent research analyzed the sensitivity of the calculated metrics to dig cycle timing 

inaccuracies and the degree to which these timing inaccuracies affected the calculated values of 

each performance metric.  The importance of accurately identifying the dig state and all other 

possible shovel states is discussed for the purpose of data set integrity and accurate productivity 

monitoring.  The main focus for this aspect of the research is the positive identification of the 

clean-up actions which were found to be infrequent at some sites and commonplace at other 

sites.  These clean-up actions were analyzed for their energy consumption and were discovered 

to be a non-trivial component of total energy use.  Operator influence on calculated metrics was 

observed and analyzed for each mine site with particular attention paid to unique operator 

joystick behaviour.    
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A guideline for the application of diggability metrics is given and focuses on fragmentation 

distribution and blast performance as well as excavator power and size as the determining factors 

between the use of energy consumption as a metric and the use of the previously established 

‘diggability indices’ for the representation of digging conditions.  New methods for visualization 

of metrics as well as data averaging and smoothing techniques are presented to interpret 

performance monitoring results in various ways and to help identify trends in the data. 
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 Introduction 

Every action that is required to extract and process material in mining has a cost.  For the milling 

process, costs are minimized when the feed material coming from the mine is of a predictable 

and small size.  In order to produce fragmented ore with a consistent size distribution for the 

milling process, performance monitoring of each operation in the mining process is required.  

The changing nature of geology necessitates adaptation of drilling and blasting parameters to 

achieve this desired size distribution.  Monitoring the post-blast excavation operation can 

provide necessary feedback about the effects of those geological changes which can 

subsequently be used to modify drilling and blasting parameters to help preserve and continually 

improve the size distribution of fragmented ore that is delivered to the mill.  These improvements 

would not only reduce milling costs but would also help to produce more consistent digging 

environments, reduce loading times and reduce wear and tear on equipment. 

The following consists of a review of existing literature that deals with excavation theory, the 

effects of blasting on the digging process, and the various approaches to the over-arching topic 

called diggability.  Diggability is defined in this thesis as a set of metrics that report the relative 

measure of excavation effort.  Fundamental research and analysis is presented that explores the 

techniques for representing diggability given differing geological contexts.  Through full-scale 

experimentation at three separate mine sites, multiple sources of collected data are combined to 

provide insight into the effects of geology and fragmentation size distribution on the excavation 

effort and help to resolve differences between previous works.   
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 Overview 

The term “diggability” has been utilized by researchers in the extractive industry to refer to a few 

different but related concepts.  In general, research into the “diggability aspects” of rock aims to 

quantify or qualify how easy or difficult the rock is (or will be) to dig or excavate.  The literature 

on diggability can be divided into two groupings to provide some focus on the topic; describing 

diggability before blasting occurs and describing diggability after blasting occurs.  The first body 

of research is heavily focused on the geology of the rock to be excavated; its mechanical 

properties, geological formations, orientation and frequency of intrusions and so forth.  This 

work is typically useful to aid in excavator selection and production projections prior to the 

commencement of excavation.  The second body of research, and the area of research of this 

thesis, is focused on production monitoring and takes place during the excavation process itself.  

This subset of diggability research also depends greatly on aspects of geology, specifically how 

different rock masses respond to the blasting process.  Literature involving various equipment 

types is also presented, however the extraction method used in this research is focused on large 

electric cable shovels that are used in open pit mines. 

 

 Purpose and Objectives 

Diggability monitoring, and most other forms of performance monitoring in mining, aims to 

provide methods of identifying periods of both poor and exceptional performance.  Mining can 

be an arduous task, therefore knowing when digging conditions are worsening is important 

knowledge to have in order to rectify the problem and address it accordingly.  Difficult digging 

conditions cause slow loading times, decreasing production, cause excess stress on machinery, 
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leading to increased maintenance and decreased availability, and result in poor bucket fill 

factors, further decreasing production.  All of these hamper performance and increase mine costs.  

Conversely, overly fragmented material may be easy to dig through, but indicates an excessive 

use of costly explosives, with minimal improvement to the excavation process as compared to 

fragmented material of a desired size distribution.  Diggability monitoring is used to provide 

detailed information that can be used to identify these issues quickly and help to avoid them in 

the future, in order to minimize overall costs and optimize performance.   

In the late 1980s and early 1990s, research into shovel performance monitoring and diggability 

calculation/estimation was focused on the development of algorithms (Hendricks, 1990) (Mol et 

al., 1987) (Pasamehmetoglu et al., 1992) (Williamson et al., 1983) to rank digging actions on a 

relative scale of effort.  These algorithms considered and discussed numerous factors, but in each 

case the research was constrained to one mine site; one geological environment.  The downside 

to this approach is that machine behaviour and operator actions are largely dependent on the type 

of digging environment they are in.  As muck pile rock properties change, so too do the values of 

the metrics that represent the digging conditions.  At the same time, the way the excavation task 

is approached and subsequently which metrics best represent the situation also change.  A 

diggability study that examines machine performance at various mine sites with different digging 

scenarios, while limiting other variables, could identify a more general approach to measuring 

diggability; one that would be useful to a broader set of mines. 

The ultimate goal of the mining process is to provide fragmented ore at a predictable rate and of 

acceptable size distribution to the mill (or shipping station) for the least amount of cost.  

Choosing the right size distribution and feed rate parameters is part of the greater goal of mine-
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wide cost optimization and in order to achieve this goal, metrics must be established to rate the 

effectiveness of the drilling, blasting and excavating cycle.  While some drill monitoring systems 

are presently available and implemented at mines around the world, few shovel monitoring 

systems enjoy the same level of developmental maturity and even fewer integrated systems exist.  

As such, the metrics available to describe the effects of blasting are few and any improvements 

to the drill and blast process must be achieved through trial and error.  In some mining 

environments, the geology can change faster than optimization can be achieved through trial and 

error, leading to inefficiencies that could be mitigated with timely information from shovel 

monitoring. 

Detailed reporting of the digging effort can help improve the mining process in many ways.  

Drill monitoring gives an indication to the blasting group about the expected properties of the 

rock mass, which can be utilized to tailor explosives loading for individual boreholes in a 

pattern.  With this customized explosive load, the blasting group is typically attempting to 

achieve uniform fragmentation, consistent heave and minimal ‘fly-rock’.  While fly-rock can be 

evaluated by visual observation, the other factors cannot and would require time-consuming 

approaches to accurately quantify their values; processes that cannot be implemented during 

production due to the time demand required.  In contrast, diggability metrics are calculated 

unobtrusively during production to provide enough information to estimate what these blasting 

result values could be.  By having reliable diggability metrics, a blasting group can adjust their 

approach more quickly and adapt to changing environments with greater precision. 

The objective in improving drilling and blasting procedures is to provide a digging environment 

that can be excavated efficiently and without delays due to poor fragmentation or poor heave.  



5 
 
 

Many mines are shovel-limited and desire to keep each shovel as productive as possible.  

Uniform fragmentation and heave can help to maximize shovel bucket fill factors, decrease 

loading times, decrease loading delays, decrease wear and tear on equipment and ultimately 

decrease crushing and grinding delays once the ore reaches the mill.  This can reduce overall 

cost-per-tonne-excavated.  

 

 Problem Definition 

Defining a set of broadly applicable diggability metrics requires data from many different mines 

of varying geology, equipment types, operator skill levels, explosives types and so forth.  

Attempting to accommodate all these differences leads to a geometric increase of field work past 

the point of practicality and cost effectiveness.  Nevertheless a great many mining environments 

could be well served by a broader, more general approach to diggability that provided algorithms 

or metrics that remained applicable despite changes to geology or operator style.  Where many 

previous works have defined one method of calculating diggability, the result has been a specific 

equation that is difficult or impossible to apply effectively at other mine sites.  What is required 

is a system that can be applied to as many mines as possible. 

Whereas there are many different papers discussing diggability, a comparison of the elements of 

each is required and a system describing their appropriate use is needed.  The variability of muck 

piles and the differences between operator actions have an enormous impact on the performance 

of an excavator, thus any diggability metrics must either factor these elements out or address 

them in some other manner.  Since all excavators are not identical, robust diggability metrics 
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should be kept simple enough to apply to different excavators without special modifications and 

focus on readily accessible variables common to all. 

 

 Scope and Objectives 

The objectives of this research are to: 

- Establish data acquisition requirements and guidelines for consistent diggability metric 

calculation; 

- Compare the results of applying various public-domain metrics to observed digging 

conditions in various geological settings, taking into account any effect of fragmentation 

size distribution; 

- Investigate the sensitivity of diggability metrics to cycle state timing accuracy; 

- Investigate how operator training and experience influences diggability outcomes; 

- Develop spatial averaging and smoothing techniques that lend themselves to the effective 

visualization of diggability metrics; 

- Define which elements of previous research are site specific and which are transferable to 

other mining environments;  

- Define a method to determine how the diggability of fragmented rock masses should be 

evaluated in different operational contexts 
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 Methodology Summary 

Three large, electric cable shovels are used for full-scale on-site experimentation, each located at 

a different mine site with unique rock types.  Indirect measurement of shovel effort was adopted, 

relying upon electric motor measurements.  It should be noted that the signal path from the 

bucket/muckpile interaction to the motor measurements is complex due to multiple stages of 

mechanical energy transmission and electromechanical energy conversion.  Hence, the quality of 

these indirect signals is not optimal.  Nevertheless, this compromise was necessary in order to 

enable rapid and repeatable instrumentation at multiple mine sites.  It also lends itself to feasible 

product implementation. 

Selection of sampling rate for electric mining shovel measurement has been previously 

investigated (Vukovic, 2010).  That work showed that downsampling data to as low as 2 Hz had 

a negligible impact on calculated diggability metrics.  In this work, each shovel is instrumented 

with a data logger recording motor armature voltage and current at 20Hz per channel.  Operator 

joystick inputs, field current, resolver signals and a channel to measure events (such as horn 

beeps and dipper trip) are also recorded.  Time stamped images of the fragmented muck pile are 

taken throughout the field period.  Fragmentation size distributions are determined using image 

analysis on the photographs.  GPS data is recorded throughout the field periods to compare 

locations of all time-stamped data.  Explosives loading data for the bench being excavated are 

obtained at one site to compare against performance data. 

By recording the machine motor signals, identifying the digging phase of the time-based 

recording and applying both existing metrics and new analytical approaches to the selected data, 

the performance of the shovel can be compared with the fragmentation distribution of that area.  
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Geologic changes can be compared to calculated metrics by adding GPS location information 

and mapping diggability metrics across a bench.  Operator feedback on digging difficulty is 

noted to compare fragmentation and metric results to veteran excavators’ experience.   

Performance metrics are plotted (using GPS data) against the original blast pattern.  From this 

base configuration, different methods for smoothing out the data are applied.  Performance 

metrics themselves are analyzed for sensitivity to dig cycle timing.  The extent of energy usage 

during non-production actions is monitored and compared to production energy use.  Using this 

method, a broader understanding of the factors that influence diggability metric calculations is 

shown. 

 Thesis Organization 

This thesis is presented in the traditional format in accordance with the regulations outlined by 

the School of Graduate Studies at Queen’s University.  Chapter 1 is a general introduction, 

including the overarching research objectives of the research program.  Chapter 2 will discuss 

the current state of the art with respect to calculating diggability metrics as well as review the 

related topics that are necessary to establish a foundation for diggability evaluation.  Chapter 3 

will present, in detail, the methodology and experimental setup described above that is used to 

evaluate digging conditions.  Chapter 4 will discuss the data sets from each mine site at length.  

Additional sources of information will be presented and cross referenced with recorded data.  

The analysis of public domain metrics for these data types will begin in Chapter 5 with the 

generation and presentation of diggability ‘metric maps’ to visualize how the diggability changes 

across a bench.  Limitations of the public domain metrics will be discussed.  Chapter 6 discusses 

the use of energy as new methods of quantifying diggability in hard rock mines.  Chapter 6 also 
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discusses the averaging and representation of metrics on a per-truck basis as well as a per-

shovel-move basis, along with the benefits and challenges of each.  The effects of preparatory 

work are analyzed as is specific digging energy.  Chapter 7 discusses the sensitivity of each 

calculated metric to accurate dig-cycle timing, as well as a new state machine for cable shovels.  

Chapter 8 focuses on the topic of operator influence and the degree to which operators affect the 

outcomes of diggability analysis.  The final chapter presents the results of the research 

objectives, a discussion of the new issues that are uncovered by this research and a proposal for 

future research along several branches identified throughout the course of this research. 
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 Literature Review 

The Oxford English Dictionary (2005) defines performance as “The quality of execution of such 

an action, operation, or process; the competence or effectiveness of a person or thing in 

performing an action; spec. the capabilities, productivity, or success of a machine, product, or 

person when measured against a standard.”  The Oxford English Dictionary (2005) also defines 

monitor as “To observe, supervise, or keep under review; to keep under observation; to measure 

or test at intervals, esp. for the purpose of regulation or control.”  The use of the term 

‘performance monitoring’ as it applies in this research derives its meaning from these two 

definitions above; the measurement of the quality of execution of an operation, at intervals, 

specifically the success of a machine against a measured standard.  In this case, ‘quality’ and 

‘measured standard’ require some clarification.  Quality is taken to represent some measure 

which combines both effort and efficiency of excavation, to be described at length throughout 

this thesis.  In short, quality, from an excavation perspective, means an efficient digging action 

that yields a full bucket of material, while balancing time and effort.  A measured standard in this 

case refers to some defined metric to be calibrated at an individual mine site.  This ‘standard’ 

cannot be universal as the environmental inputs are not identical between mines.  As such, the 

literature reviewed here must encompass sufficient work to permit us to adequately define and 

set the stage for the performance monitoring of electric cable shovels digging in blasted material 

of different origins. 

To this end, this thesis reviews the open pit mining cycle and its objectives, excavation factors, 

the particulars of blasted, fragmented rock piles, the specific equipment under consideration and 

the prime movers being monitored for their performance.  
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 Open Pit Mining Cycle 

The process of open pit mining is an iterative one that consists primarily of four major parts; 

drilling, blasting, excavation and hauling.  The mine excavates material in large sections by 

drilling an even pattern of vertical holes, filling the holes with explosives, blasting the material 

and excavating the broken rock into haul trucks that take the material to the processing plant 

(mill) or the waste dump.  This process repeats over and over again, gradually creating a mine 

that is deeper and wider, forming (in a simplified case) a roughly conical hole with staircase-like 

sides that are called benches.  Each bench is usually a standard height that reflects the drilling 

depth of the drill.  An example of an open pit mine can be seen in Figure 2-1.  This iterative 

process of pit expansion continues as long as it is profitable to do so, after which underground 

operations may be considered or operations may simply terminate.  

 

Figure 2-1 - Conically Shaped Open Pit Mine 
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As the first three operational processes (drilling, blasting and excavation) are mostly 

independent, they tend to operate in isolation from one another.  While this allows the mining 

phase to operate in a stop-start fashion, processing plants are often much more susceptible to 

problems if they do not have a continuous feed of material supplied to them.  With the mill 

processes being physically interconnected, their performance is dependent on the results of the 

previous step and poor performance at the beginning will have ramifications throughout the 

remainder of the processing circuit.  As a result, the excavators are expected to produce material 

at a consistent pace and are considered critical equipment in the mine that must be operational at 

all times.  Poor fragmentation or poorly heaved muck piles can negatively impact the digging 

conditions and significantly reduce the pace of excavation.  As such, consistency in the mining 

phase is of great importance as its impacts, positive or negative, will be seen in all downstream 

processes. 

In order to control the consistency of fragmented material and the pace at which it is supplied, 

information gathered from each of the steps in the mining phase can be used to optimize this 

iterative process.  This mine-wide, constant improvement process is sometimes referred to as the 

‘Mine to Mill’ process, a term developed and copyrighted by the Julius Kruttschnitt Mineral 

Research Centre (Kanchibotla et al., 1999) (Grundstrom et al., 2001).  A simplified diagram 

illustrating the elements of this process and the relationship between each phase in the mine and 

each phase in the mill can be seen in Figure 2-2 and shows how the actions in the mining phase 

can have downstream effects but can also be used to inform the other mining processes.  Similar 

studies have proven the benefits of improved mill feed, such as work from Gillot (Gillot 2004) 

describing the benefits of each part in the milling circuit from monitoring and improving the feed 
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coming from the mine using a ‘pit to plant’ process.  Despite differing titles, the aims of these 

types of initiatives are the investment in continuous improvement projects in the mining phase to 

yield reduced costs in the milling phase and an overall optimization of costs across an operation. 

The mining phase, unlike the continuous milling phase, is a recurring batch process, one that can 

be refined each time using knowledge from previous experiences.  By gathering information 

about the drilling, blasting and excavating processes, the next iteration of these processes can be 

improved.  For example, if the excavation of a bench was particularly difficult, the drill and blast 

engineers can investigate the cause.  If a significant geological change occurred, the next round 

of drilling in that area could employ a tighter pattern of drill holes or utilize more explosive 

energy.  If that bench experienced excessively wet conditions, the next round of blasting might 

use an emulsion to improve water resistance.  In each case, this iterative trio of mining processes 

can continuously improve when information is shared between each operating group.  The 

information required to implement this improvement process as it pertains to excavation 

equipment is the topic of this thesis. 
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Figure 2-2 - Mining and Milling Flowchart 

 

 Excavation Factors 

Digging is a difficult task to model due to several unknowns regarding the conditions.  While 

calculating the motion of an excavator is straightforward, modelling the interactions while it is 

digging is complex and often changing.  In the case of mining excavation, further complications 

exist regarding the way in which blasted rock is modelled.  Forces calculated on the bucket are 

constantly changing due to rock fragment interactions, making the resistance forces difficult to 

calculate.  Previous work by Hemami (Hemami, 1994) investigated various factors involved in 

characterizing the forces on the LHD (Load-Haul-Dump) bucket, including the material 

properties, the shape of the bucket and ground engaging component shape.  Additionally, work 

by Takahashi (Takahashi et al., 1999) analyzed these factors further to look at the behaviour of 

particles in front of the bucket and their effect on bucket forces.  Work by Fabrichnyi 
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(Fabrichnyi et al., 1975) investigated these forces as well, looking at the influence of bucket 

angle on excavation resistance.  In these cases, while useful to help understand the forces acting 

on the bucket during the excavation process, the analytical approach was insufficient to 

characterize the stochastic nature of the muck pile.  Furthermore, in the case of cable shovels, the 

effect of gravity changes as the bucket trajectory changes and so too does the behaviour of the 

broken rock.  As the bucket follows a curvilinear path, the orientation of the gravitational and 

normal forces relative to the bucket change.  The angle at which the bucket approaches the rock 

mass changes by up to 90 degrees, making this a complex problem to resolve.  Research into 

digging is presented below to discuss these difficult issues. 

 

 Excavating Fragmented Rock 

In order to maximize productivity, excavators should approach the fragmented material using the 

most efficient trajectory possible for the circumstances.  While this becomes intuitive for 

experienced operators, it is not the case for automation systems that may be in place to excavate 

material.  As such, much research has been conducted for a variety of excavator types that 

analyzes the appropriate trajectory for a given excavator based on its kinematics and the 

excavation media in question.  In the case of soils, this process can be viewed as a cutting 

exercise where the path of the excavator implement is not deviated by any substantial amount 

due to the fragments that compose the media to be excavated (Marshall, 2001).  In the case of 

fragmented rock, the ratio of the particle size to the excavating implement (in this case the shovel 

dipper) can be several orders of magnitude larger than in the case of soils.  As the fragment size 
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increases and the muck-pile behaviour begin to influence the trajectory of the excavating 

implement, a new standard for trajectory efficiency is required. 

In all cases of excavation, the goal is to maximize the amount of material excavated while 

minimizing resistive forces and unnecessary work.  Excess lifting or pushing of rock that does 

not end up in the bucket or scoop wastes energy and can slow production rates.  Work by 

Mikhirev (Mikhirev et al., 1983) outlined this principle as part of their work to develop controls 

for automatic LHD scoop control.   

 

 Muck Pile Characterization 

Muck piles can be described in many ways, however when referring to blasting performance the 

three main factors that are most important are fragmentation distribution, heave (or swell) and 

throw.  Fragmentation distribution is important, not only to find the average size of the blasted 

rock but also the extent of the size distribution to examine the effectiveness of blast pattern 

layout.  Heave or swell is a term used to describe how ‘loose’ the rock is or how separated 

fragments are from one another.  Increasing the void space between rock fragments increases the 

occupied volume of the blasted rock relative to the original, intact volume.  Fragmentation and 

swell (also referred to as heave) are independent outcomes of blasting, as rock can be well 

fragmented but exhibit poor swell, similar in concept to a pallet of stacked bricks, which makes 

the rock more difficult for an excavator to penetrate, despite having a good size distribution and 

average size.  Throw is the characterization of the muck pile movement due to blasting.  

Typically some throw is required to encourage adequate swell, however excessive throw 
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disperses the muck pile over a wide area and makes for inefficient excavation due to lower 

overall bench height and increased clean-up requirements with a dozer or other support 

equipment. 

Analyzing fragmentation distribution can be done in various ways with the traditional method of 

screen separation being the most accurate.  Screen separation is the standard, however it is 

impossible to implement this method in an operational context.  Screening takes a long time to 

be accurate and the volumes of rock involved in an operating mine make screening impractical.  

Alternative methods can approximate the results obtained in screening in a much shorter time.  

Image analysis and fragmentation detection is one such method described in the literature 

(Hunter et al., 1990) (Sanchidrian et al., 2005).  The process involves analyzing photographs 

with an object of known scale to identify the edges of individual particles.  With a known scale, 

the approximate volume of each particle can be estimated from the two-dimensional images and 

a size distribution produced that represents the simulated particles.  The strengths and 

weaknesses of this approach are discussed by Hunter (Hunter et al., 1990).  Modern advances in 

digital photography, computer hardware and software have allowed this process to be fast and 

accurate for use as a process control component in production mining around the world. 

Heave, or swell, is a parameter that is difficult to measure due to the scale of open-pit mining.  

Heave is a measure of volumetric increase, so a measurement of the bench volume before and 

after blasting is a theoretical solution for quantifying heave.  This method would be insufficient, 

however, as it is localized heave that is of importance.  The location of both the rock within the 

bench to be blasted and the location of boreholes are factors in determining both how fragmented 

and how heaved the rock will be locally.  Rock located at the bottom of the bench, far from 
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boreholes on each side will likely exhibit poorer heave and fragmentation as compared to rock 

higher up in the bench and closer to a borehole.  Research on this topic was conducted in 2010 in 

an environment similar to the iron ore site studied in this thesis (Giltner et al., 2010).  

Throw is a measure of blasting performance but is often unnecessary to quantify for performance 

monitoring of shovels.  Excessive throw results in rock fragments being scattered about the pit 

floor, impeding light vehicle traffic and contributing to excessive truck tire wear.  Excessive 

throw is undesirable and visually monitored and reported, but not quantified.  Lesser amounts of 

throw can be beneficial or detrimental to excavation.  Throw is detrimental when the muck pile 

is spread out and of lower that optimal height for the excavator.  Throw is beneficial when it is 

just enough to allow for heave but otherwise results in as little movement as possible.  This 

maintains the muck pile height, reduces clean-up requirements, reduces delays and preserves 

truck tires.  Throw is an area of interest for operations that rely on selective mining but has not 

been investigated as a primary concern in any of the existing literature on diggability. 

 

 Excavation Equipment 

Ever since the mining process became mechanized, the machines that do the hard work have 

grown in size, speed, complexity and power.  As these machines all work together in concert to 

extract material, any topic regarding machine performance must inherently consider how each 

machine’s performance relies on and is affected by other machine types in the mining process.  

Equipment selection is a crucial consideration when a mine is first opened and throughout its life 
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as this balancing of productivity is vital to avoiding bottlenecks, minimizing idling time and 

ultimately to optimize production costs. 

To provide background on the topic of diggability, reviewing excavators alone would ignore the 

effects of other equipment in the digging cycle.  Blast hole drills in particular affect digging 

conditions due to the geometry of the pattern they drill (depth, sub-drilling, burden, spacing and 

hole diameter) and how those variables, combined with explosives selection and loading, affect 

blasting, and subsequently digging, performance.  The scale of each piece of equipment should 

match the other equipment in the mine and this is true of the relationship between blast hole 

drills and all types of excavators.   

Assuming that this has been well considered during the equipment selection phase of mining, the 

bench height should be one that is well matched to the excavator; high enough to maximize 

bucket filling but not so high as to be dangerous.  Additionally, the burden and spacing between 

blast holes should be tailored so as to not generate large, blocky material nor fail to loosen and 

heave the material sufficiently.   Under these circumstances, an excavator has the best possible 

inputs required to achieve the desired performance targets. 

 

 Electric Cable Shovels 

There are many kinds of excavators used in open pit mining; draglines, bucket wheel excavators, 

cable shovels, hydraulic excavators, wheeled excavators and others as well.  For the majority of 

open pit mines in North America and around the world, cable shovels move the greatest amount 

of material and are among some of the largest pieces of equipment used.  Because of their 
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widespread use, versatility for many different pit configurations and performance potential, cable 

shovels were selected to be the focus of this work. 

Diggability is a subject that can be applied to any excavator type but what the relevant metrics 

are and their calculation does not necessarily transfer between them due to their different 

geometries and degrees of freedom.  By approaching the excavation task in fundamentally 

different ways, each has different strengths, weaknesses and equations to model the level of 

digging effort.  For this thesis the excavators under consideration are large cable shovels as 

shown in Figure 2-3. 

 

 Cable Shovel Anatomy and Digging Style 

Electric cable shovels are large, 1000-1500 tonne excavators with a height of up to 21 metres at 

the top of the boom and up to 12 metres at the top of the operator cab, as shown in Figure 2-3.  

They are tracked pieces of equipment that move very slowly due to their considerable weight and 

their upper portion can rotate around 360 degrees.  The shovels are typically powered by a high 

voltage AC line (e.g. 4160, 7200 or 13800 VAC) cable that extends behind the shovel from 

between the tracks (not shown).  Dipper dimensions vary but the shovel typically hoists between 

60 and 100 tonnes per bucket load.  While digging, the tracks are inoperative and the machine is 

driven by three main motors; the hoist motor, the crowd motor and the swing motor.  
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Figure 2-3 - P&H 4100 Class Shovel Dimensions ©Joy Global 2015 

 

While different companies have slight variations in the machine design, they all excavate in the 

same manner.  The P&H 4100 class and 2800 class of shovels are some of the most common and 

the 4100 class is depicted here as an example.  All electric cable shovels operate at the toe of a 

blasted muck pile, digging in a bottom-up motion.  The boom is rigidly affixed with pulleys at its 

apex, referred to as ‘point sheaves’.  Halfway up the boom are the ‘saddle blocks’ through which 

the ‘dipper sticks’, or simply ‘sticks’, are attached.  These sticks move via a rack and pinion 

system, with the pinion inside the saddle blocks, driven by the ‘shipper shaft’.  This method of 

extending and retracting the sticks (and subsequently the bucket) is particular to the P&H models 
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and is executed differently by other manufacturers.  This extension and retraction is 

accomplished via the crowd motor.  The bucket is raised and lowered by the hoist motor that 

reels the hoist cables in and out as necessary.  These cables travel over the point sheaves and 

down to the ‘bail’, or handle, that is pinned to the ‘dipper’, or bucket.  With the ability to push 

into, or retract from, a muck pile and the ability to lift the bucket up through the broken rock, an 

experienced operator can follow the contour of a muck pile and fill the dipper in one pass, 

quickly and efficiently. 

As a result of this design, there is no method to ‘tip over’ the bucket to unload the rock, as is 

customary with other common excavator types.  This helps to minimize carry back, but requires 

some added complexity to discharge the material.  Due to the ‘bottom-up’ digging style, a door is 

built into the bottom of the bucket that is opened remotely (via a motorized cable reel) by the 

operator when it is time to dump the load.  Upon engaging the ‘Dipper Trip’ circuit, the cable 

reel pulls on a pin to unlatch the door.  This door swings freely until the bucket is lowered to an 

angle such that gravity closes the door again. 

 

 Direct Current Motor Monitoring 

For DC motors, measuring performance is straightforward; the relationship between angular 

velocity and motor voltage is largely linear, as is the relationship between torque and motor 

current (Hughes & Drury, 2013).  As such, knowing the maximum speed and torque of a motor 

and the ratio of a transmission, speed and torque can be inferred by the measurement of voltage 

and current.  The developed power of the motor is affected by the efficiency of the motor and as 
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such the developed mechanical power is always less than the applied electric power.  For large 

DC motors such as the ones employed in open pit excavators, efficiencies are very high at 

approximately 95%.   

 

 Previous Approaches to Diggability 

Diggability as a topic has been approached by several groups in different ways over the last few 

decades.  The various approaches can be broadly classified into two groups; geotechnically-

based approaches to diggability and performance monitoring approaches to diggability.   

 

 Geotechnically Based Approaches 

Diggability viewed from a geotechnical standpoint is a metric applied to an in situ rock mass 

prior to excavation.  This approach to diggability has its beginnings in the 1970s and continues 

to be developed today.  Diggability, as it is applied in this manner, is a system used to represent 

geological properties of rock and classify how those properties will affect the ability of a mine to 

excavate them.  These approaches (Hadjigeorgiou et al., 1988) (Hadjigeorgiou et al., 1998) 

(Scoble et al., 1984) (Kirsten, 1982) (Muftuoglu 1983) (Pettifer et al., 1994) are similar to some 

other mining rating systems, such as the rock mass rating system, the RQD system or the Q 

system, in that they look at several physical features of the rock to determine what the degree of 

excavation effort will be.  Using this physical information, an amalgam value can be assigned 

based on relative weights of the various factors.  These approaches can be used when making 

equipment selection decisions as well as production estimates.  Examples of the implementation 
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of these techniques in soft rock can be seen in the work of Thuro et al., (Thuro et al., 2002) 

where cutter teeth for tunnel boring machines (TBMs) and roadheaders are determined using 

these systems described above, and work by Kramadibrata (Kramadibrata, 1996) investigating 

continuous miner selection in open pit mines. 

 

 Performance Monitoring Based Approaches 

Many studies have been performed over the last few decades (Ceylanoglu et al., 1994) (Grant et 

al., 1983) (Hendricks 1990) (Karpuz et al., 1992) (Mol et al., 1987) (Pasamehmetoglu et al,. 

1992) (Patnayak et al., 2005) (Patnayak 2006) (Williamson et al., 1983) (Brunton et al., 2003) 

(Halatchev et al., 2007) to characterize the performance of electric cable shovels for various 

purposes.  Several papers have looked at basic performance metrics as a measure of diggability 

but do not directly address what input factors are causing good or bad performance.  The most 

common performance metric is cycle time.  This metric is very useful and easy to understand for 

anyone working in an open pit mine.  Simply put, short cycle times typically indicate good 

digging conditions and uncharacteristically long cycle times indicate poor digging conditions.  

The research in this area discusses the exceptions to this simplified approach and various 

modifications to the cycle-time basis of diggability measurement, but ultimately they all provide 

one method of viewing diggability that can be distilled down to one major factor.  Cycle time is 

definitely an important production statistic that can give some insight into digging conditions, 

but without additional information it is not clear how digging conditions can be improved.   
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Another method of regarding diggability from a performance monitoring standpoint is to look at 

the what the shovel is doing while it’s digging and record multiple sources of information 

simultaneously, primarily the time-based responses from the motors themselves.  This approach, 

while more intensive during the research phase, allows for a better understanding of the causes of 

poor performance as well as being able to identify different cases that lead to poor performance.   

Some of the earliest performance monitoring work specifically focused on this hardware 

monitoring version of diggability was begun in the mid-1980s by Williamson et al., in 1983, 

Grant et al., in 1983 and Mol et al., in 1987.  These studies began looking at the crowd motor 

behaviours as an indicator of the level of resistance in the bank or muck pile.  Digging conditions 

that provided little resistance had motor signals that were smooth and repeatable from bucket to 

bucket.  Difficult digging conditions with increased resistance had more erratic signals, often 

took longer to dig and varied from bucket to bucket.  Algorithms relating the amount of change 

in a motor signal to its average were developed to indicate the diggability of the fragmented 

rock; the more ragged a motor signal, the higher the diggability value associated with it.   

This method was also used by Hendricks in 1990 when he combined these works but focused on 

including both the hoist and the crowd motors.  Hendricks showed that the hoist motor was more 

relevant to calculating diggability values that matched observed conditions than the crowd motor 

and his work was conducted on newer equipment that had clearer responses from the motor 

drives as each channel was isolated.  Previous work was conducted on machines where the 

power usage of one motor was influenced by the other, leading to potentially erroneous results.   

Hendricks further posited that the depth of cut had a great effect on diggability metrics.  The 

effect of depth of cut was also compared with energy consumption (Ceylanoglu et al., 1994) 



26 
 
 

(Karpuz et al., 1992) with similar findings in soft materials.  In both cases, abnormally shallow 

digging made rock conditions appear better than normal and abnormally deep cuts made rock 

conditions appear worse.  In the case of the research using soft materials, both blasted and 

unblasted low strength materials were tested, while in Hendricks’ work only hard, blasted rock 

was investigated.   

 

 Hendricks’ Diggability Index  

Diggability metrics are measures of the variability, or raggedness, of a signal, divided by the 

average value of that signal.  These values are independent of time as the equation is summing 

deltas between successive data points for the numerator and summing values for the 

denominator.  As such, the numerator is the ‘length of trace’ for the dig cycle and the 

denominator is the area under that curve.  The diggability equations for both hoist and crowd as 

developed by Hendricks are reproduced in Equation 2-1 and Equation 2-2 with a reproduction of 

the original published equations from Hendricks’ thesis (located on pages 180 and 183 of his 

PhD thesis) appearing in Appendix H. 

Equation 2-1 - Hoist Diggability Index 
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where:  n = Number of samples during the dig cycle 
  HV = Hoist armature voltage 
  HI = Hoist armature current 
  SP = Sampling period 
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Equation 2-2 - Crowd Diggability Index 
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where:  n = Number of samples during the dig cycle 
  CV = Crowd armature voltage 
  CI = Crowd armature current 
  SP = Sampling period 
 

For diggability metrics of motor voltages and currents, this represents the volatility of the motor 

speed and torque.  This is a representation of what is occurring at the bucket-rock interface; a 

smooth signal indicates a steady pass through the muck pile and a low diggability value.  In the 

case of high diggability values, the bucket experiences ‘start-stop’ phenomena associated with 

poor blasting, frozen ground, large fragmentation or other examples of poor digging conditions, 

which translate to a highly variable signal. 

Below are examples of recorded shovel motor signals for dig cycles exhibiting motor responses 

that yield a low and a high hoist diggability index value, shown in Figure 2-4 and Figure 2-5, 

respectively.  Both of these examples are from the same area, excavated by the same operator 

and have nearly identical energy consumption, but very different hoist diggability indices.  

Figure 2-4 has a hoist diggability index of 0.4168, which is in the lowest 20% of its data set.  

Figure 2-5 has a hoist diggability index of 2.4121, which is in the highest 10% of the same data 

set.  The dig cycle lengths are quite different, 6.95 and 14.15 seconds respectively, but being 

independent of time, diggability indices here clearly demonstrate the difference in digging 

difficulty, as seen in the raggedness of the hoist voltage and current signals.  It should be noted 
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that the calculation is analyzing length of trace but does not take into account where any 

raggedness occurs, therefore does not indicate whether the difficult digging occurred at the toe, 

the crest, or throughout the entire dig cycle. 

 

 

Figure 2-4 - Low Diggability Index Dig Cycle 
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Figure 2-5 - High Diggability Index Dig Cycle 

 

A total of six diggability indices are calculated; a voltage index, a current index and a combined 

index, for each of the hoist and crowd motors.   This helps to distinguish between digging issues 

related specifically to motor velocity or motor torque.  A sample of the calculated metrics for the 

two figures shown above is included here in Table 2-1. 
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Table 2-1 - Hoist Diggability Index (HDI) Comparison and Associated Metrics 

Calculated Metrics 
Compared Dig Cycles 

Low HDI High HDI 

Dig Time (seconds) 6.95 14.15 

Hoist Diggability Index 0.417 2.412 

Hoist Voltage DI 0.574 2.038 

Hoist Current DI 0.726 1.183 

Crowd Diggability Index 1.685 0.808 

Crowd Voltage DI 1.087 1.125 

Crowd Current DI 1.55 0.718 

Average Power (Watts) 757,000 373,000 

Dig Energy (Joules) 5,259,000 5,275,000 

 

 

 Excavation Literature Relating to Soils 

There are other works that approach similar problems to diggability within the earth sciences 

realm.  Many papers look at soil excavation principles, machine and bucket design, etc. that all 

have similar goals to diggability, namely finding efficient ways of digging and/or describing the 

excavation environment based on excavator feedback.  One such work by Moghaddam 

(Moghaddam et al., 2012) discusses the on-line estimation of soil parameters using strain gauge 

feedback for excavation in oil sands.  This paper is an example that illustrates the differences 

between the various works described in Section 2.4 and works that do not address the specific 

issues related to muck pile excavation.  While Moghaddam et al. is researching excavation 

principles as they relate to the digging media at a mine site, this is done from a soil mechanics 

perspective and a cutting-tool perspective.  Mine site excavation can rarely be described as 

similar to soil excavation, even in the Athabasca oil sands.  Because of the nature of fragmented 
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rock, and similarly the nature of frozen lumps of oil sand, mine site excavation is somewhere in 

between soil excavation and boulder extraction.  This is an important distinction to make as the 

operator is not only performing a cutting or scraping task as might be the case in sands or soil, 

but rather a combination task seeking both an efficiently swept path as well as a trajectory that 

will get under, above or around large rock fragments, either to include or exclude them from 

each bucket.   

In the research by Moghaddam (Moghaddam et al., 2012) the focus is on describing soil in terms 

of cohesion and friction angle with the geometry of the media being well known (laid in an even 

plane) and the cutting tool following a linear trajectory.  While there are real life scenarios which 

could benefit from this sort of laboratory research, the benefit of this type of research to open pit 

excavation is limited.  The anisotropic nature of fragmented rock and the non-repeatable nature 

of the three-dimensional-bucket-motion-to-muck-pile-profile necessitates different parameters to 

describe the digging environment than those used to describe soils. 

Some other applicable work by Bernold (Bernold, 1993) approaches excavation as a motion path 

control problem, however does consider energy as a control factor for efficient excavation.  

Bernold states that by minimizing the energy consumption for a given volume of excavated soil, 

the most efficient digging trajectory can be found.  Even in this research through a more 

homogenous medium, Bernold describes the translation of static soil mechanics experimental 

results to the dynamic nature of the soil-tool interaction as impossible. 

There are situations in open pit mining that do require such static soil mechanics knowledge be 

applied, such as tailings dams, stock piles, dumps, leach piles, etc., however compared to these 

items, which may be hundreds of feet high, the average bench height is 40 feet.  Subsequently, 
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the scales are quite different and when combined with the coarseness of the material under 

excavation, the muck pile does not consistently behave in a manner that can be approached from 

a soil mechanics point of view. 

Additionally there are many different types of excavators in the earth sciences realm of varying 

geometries and digging styles, few of which are similar to open-pit cable shovels.  With these 

additional factors considered, the literature used to investigate diggability-related topics is 

selected to ensure applicability both to the apparatus under study as well as real world open pit 

mining scenarios. 

 

 Excavation Literature Relating to Granular Materials 

One branch of soil mechanics research that can be applied is work on fragmented rock masses 

and soil/gravel mixes.  In shear box tests of these particular material types, shear strength was 

shown to increase with particle coarseness and with an increased ratio of fragments to soil 

(Yagiz 2001), while shear strength was shown to be inversely correlated with porosity (Forsman 

1989) (Patel et al., 2012) (Obermayr et al., 2012), or the amount of void space in a rock pile.  

Oversized pieces also increase resistance by increasing the effective friction angle (Fakhimi et 

al., 2011), which increases the shear strength of fragmented material.  While shear box tests do 

not model the excavation action, the do give an indication of how the resistance of the muck pile 

will increase with fragment coarseness and density.  This research proves empirically the logical 

observation that coarser material, larger material, material with large fragments in it and well 
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packed material all provide greater resistance to movement and therefore require an increased 

amount of force to displace.  
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 Methodology 

To achieve the objectives outlined in Chapter 1, the following method is used to approach the 

research questions.  A trio of mine sites were selected exhibiting different geological formations 

and similar excavation equipment.  The excavators at each site employ an existing electronic, 

GPS-guided shovel monitoring system for elevation and grade control.  Each site was also 

considered for their willingness to participate in research and with their openness to share any 

addition information required, which is important to aid in describing digging conditions.  The 

details of each step in the process are outlined below. 

 

 Selected Mine Sites for Data Acquisition 

All of the research is standardized on P&H 2800 and 4100 open pit shovels but is deliberately 

conducted at mine sites of differing geology and digging challenges.  The shovel types under 

study are shown in Figure 3-1 and Figure 3-2.  In order to increase the applicability of diggability 

to as many mine sites as possible, various geological scenarios are required to observe the 

difference geology can have on digging performance.  Additionally, other variables such as 

explosives loading and operator training may differ between sites and are noted as they can have 

an effect on calculated diggability metrics and are discussed where applicable in this document. 
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Figure 3-1 - 2800 XPC Cable Shovel at Site 'C' 

 

Figure 3-2 - 4100 B Cable Shovel at Site 'B' 
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The first site, referred to henceforth as site ‘A’, is a disseminated gold deposit, hosted in 

Devonian limestone, characterized by mineralized quartz dykes, pyrite and sericite as well as 

other minerals.  The second site, site ‘B’, is a rhyolitic porphyry copper deposit, hosted in 

metamorphosed shale, siltstones, sandstones and conglomerates.  The third site, site ‘C’, is a 

taconite iron ore deposit, composed primarily of magnetite instead of hematite. 

 

 Excavator Model and Data Sources 

In order to calculate the digging effort experienced by an excavator, one must first understand 

how the excavator works and what resistive forces will be acting on it.  By looking at cable 

shovels specifically, we know that the machine digs from grade level, upward as illustrated in 

Figure 2-3.  The shovel is designed to move a working implement in three-dimensional space, 

which in this case is the dipper or bucket.  Cable shovel buckets have three degrees of freedom 

consisting of one component of translation and two angles of rotation.  These degrees of freedom 

are controlled on a cable shovel by three independent motors governing the crowding function 

(translation), hoisting function and swinging function (rotation).  If we view these motors simply 

as actuators of motion for the digging cycle, they can be thought of as three separate actuators; 

one that governs the penetration depth of the bucket in the muck pile (the crowd motor), one that 

governs the raising of the bucket/the principle force behind bucket filling (the hoist motor) and 

one that moves the bucket away from the digging face (the swing motor) to dump the bucket 

contents and reposition the bucket for the next pass.  It is important to point out that digging 

motion ideally takes place in a two-dimensional plane in line with the longitudinal and vertical 
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axes of the shovel, with the swing motor not being involved in the actual digging effort, however 

in reality all three are important considerations for performance monitoring. 

With those actuators identified as the principal motivators of motion, we can propose using them 

as the sources of time-based information.  While the background concepts of many diggability 

metrics are related to the digging forces on the bucket, these forces are difficult or impossible to 

monitor directly using traditional sensing methods.  The harshness of the digging cycle would 

destroy most sensors attached to the bucket.  However, by monitoring the motors we can see 

what is required to move the bucket and infer those resistances as a result. This method of 

monitoring the motors and motor drives themselves is consistent with the existing literature on 

diggability and is a safer, more repeatable way of collecting information than attaching of 

sensors to the shovel. 

Each motor is primarily monitored by looking at the armature voltage and armature current of 

the motor, as reported through the motor drives to the programmable logic controller.  Each of 

the motors on the shovel is a direct current motor which translates to a very linear relationship 

between electric potential and motor speed as well as current and motor torque.  By monitoring 

voltage and current, we can know the relative speed of the bucket and the relative torque on the 

motor.  By knowing the motor specifications and machine kinematics, we can convert that into 

units of force, speed, torque, etc.  Such examinations of the kinematics of cable shovels have 

been discussed by Wu (1995) in studying the simulation of the excavation exercise for computer 

control applications.  With this knowledge, the understanding of the physical actions that the 

electrical motor signals represent is improved and the process of interpreting monitored motor 

signals becomes clearer. 
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Aiding in this understanding of kinematics are electric resolvers that are present on nearly all 

cable shovels.  These resolvers are used to set limitations to the motion of the shovel to prevent 

accidental damage by the bucket hitting the shovel body or its tracks.  The setting of these limits 

is required every time a bucket is changed or hoist ropes are replaced.  As such, these resolvers 

can identify the location of the bucket relative to the shovel at all times.  This is particularly 

useful for diggability metric calculation as it is an additional piece of information that helps to 

identify the digging cycle and the actions of the shovel relative to the electric motor signals.  

These signals are available at site ‘B’ but not at others due to communications difficulties with 

certain systems.  Nevertheless, the ability to characterize shovel bucket position with electric 

motor signals at one site allows us to verify our understanding of the electric signals and apply 

that knowledge across all of the test site data, making cycle identification without resolver 

signals possible. 

 

 Machine Specifications 

The P&H 4100 class and 2800 class shovels are very similar in design and operation but differ in 

rated capacities.  Both machines utilize the same electrical control systems, supplying up to 1860 

kW per motor at 3700 amps at their peak and 150 amps continuously.   

For the 4100 class machines, the hoist motors have a combined continuous power rating of 2148 

kW and the crowd motor has a continuous power rating of 537 kW.  For the 2800 class 

machines, the hoist motors have a combined continuous power rating of 1194 kW and the crowd 

motor has a continuous power rating of 537 kW.  The differences in hoist motor power reflect 
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the increased bucket load that can be applied by the 4100 class machine, yet the identical crowd 

capacity reveals the similarity of design and application for these shovels.  Full detailed 

specifications from publicly available literature published by the manufacturer is available in 

Appendix F for the 2800 class shovel and Appendix G for the 4100 class shovel. 

 

 On-Board Data; Interface and Recording 

In order to capture onboard data, a data recorder is installed on the shovel.  The recorder, shown 

in Figure 3-3, is a Dataq® Instruments Inc. DI-718Bx, 14-bit, optically isolated, analogue to 

digital recorder that employs user-customizable digital conditioning modules to specify filters, 

voltage and current ranges and other types of inputs.  This unit has more memory, more 

resolution, and greater customizability than previous work (Hendricks, 1992).  This unit can 

operate in stand-alone mode, which allows for continuous recording of data whether the 

researcher is on-board the shovel or not.  This allows for 24-hour recording for a pre-determined 

time period, typically 1-30 days depending on recording frequency, to removable memory cards, 

which enable easy data transfer.  The data logger is connected using shielded, twisted pair cables.  

Collecting data in this way minimizes any possible interference from the machine and any 

potentially damaging power surges.  Device specifications are located in Appendix D. 
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Figure 3-3 - Dataq® DI-718BxS 

Data is collected over several days at each of the three test sites.  At all sites, time synchronized 

machine data is recorded at 20Hz on these Dataq® units.  The recording speed is chosen based 

on some previous unpublished analysis completed at Queen’s University (Vukovic, 2010) that 

showed high frequency content in shovel monitoring signals to be of low amplitude and of 

having no effect on the data of interest.  In that analysis, data collected at high sampling rates 

was both decimated and down-sampled to 2Hz and compared.  Both resultant signals were nearly 

identical and remained unaffected in the calculating of public-domain diggability metrics and 

other performance metrics.   

Signal conditioning modules for voltage and current signals with a cut-off frequency of 3Hz are 

used and a recording frequency of 20Hz employed to prevent any aliasing artefacts in the record.  

The specific cut-off frequency of 3Hz is selected based on the options available from the 

manufacturer, though anything between 2-20 Hz would be acceptable.  Cut-off frequencies 

higher than 20Hz would necessitate high recording frequencies and limit recording time 

significantly. 
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These units are installed below the operator cab on each shovel in close proximity to the 

Programmable Logic Controller cabinet, or PLC cabinet, located in the ‘Right Hand Room’ and 

identified in Figure 3-4.  Within this cabinet run all of the electrical signals from each part of the 

shovel for reporting and control purposes, many of which are fed to the operator’s main control 

screen.   

The scaled representations of motor voltage and current signals that are the focus of this thesis 

research are generated by the digital controlled motor drives and are typically updated by those 

drives at rates from several hundred Hz to several kHz.  By connecting the recorder to the 

terminals of these control circuits, it is possible to synchronously record the voltages and 

currents of each of the shovel’s motors in real-time.  Additionally, some of the control signals are 

recorded.  A full list of recorded signals is available in Section 3.4.1.   
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Figure 3-4 - Location of Dataq® Install in PLC Cabinet *Image modified from P&H Promotional Literature 

 

 On-Board Recorded Data 

Modern advances in data acquisition systems allow performance monitoring studies the ability to 

record almost as much data as could be desired in comparison to the systems available during the 

previous studies presented from the 1980s and 1990s.  As in those studies, motor signals are 

recorded as well as other signals that can give additional insight into diggability.  The list of 

recorded signals is described in Table 3-1: 
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Table 3-1 - Recorded Signals 

Signal Type Recorded Signal 

Armature Voltages 

Hoist Motor 

Crowd Motor 

Swing Motor 

Armature Currents 

Hoist Motor 

Crowd Motor 

Swing Motor 

Field Currents 

Hoist Motor 

Crowd Motor 

Swing Motor 

Joystick Inputs 

Hoist Motor 

Crowd Motor 

Swing Motor 

Resolver Signals* 
Hoist Motor 

Crowd Motor 

Place-Keeping 
Information 

Horn 

Dipper Trip 

"Button Box"** 

*Not available at sites ‘A’ and ‘C’ 

**Only utilized at site ‘B’ 

 

Each of these signals is a ±10V control signal from the motor drives to the PLC and not a raw 

600 V signal to the data logger.  Each of the signals on all three shovels have their full scale 

range converted to ±10V and are subsequently connected to the data logger via ±10V modules.  

The last signal is an exception to this rule, where a ±60V module is utilized to capture the 24V 

signal from the Dipper Trip circuit.  This 24V signal is received via a relay connected to the 

dipper trip circuit and the machine power, which is 24 VDC.  As the dipper trip circuit does not 

have a similar output to the motors and operator joysticks, this relay provides the necessary 

voltage spike in the recorded data for identification purposes.  On the data logger, all inputs to 
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the modules are scaled to ±10V for analysis, thus the ±60V input is reduced to ±10V, and 

therefore the 24V signal is seen as a 4V spike due to the 6:1 input-output ratio of the ±60V 

module.  All other modules are scaled 1:1, so retain their ±10V range values. 

The resolver data is not available at all sites due to differences between motor drives from site to 

site.  Nevertheless, having these position signals at even one site allows us to confirm the 

relationship between the signatures from the raw motor data and the actual positions as reported 

by the resolvers.  The position data lets us know how far in or out the sticks are (crowd motor 

position) and how far the hoist ropes are let out (hoist motor position) from the hoist drum.  

These two factors allow us to locate the dipper in 2 dimensions. 

Data from the data logger is recorded in a proprietary format with the extension *.WDC and is 

viewed using a software called WinDAQ, which is available from the Dataq® website 

(http://www.dataq.com).  These files contain 16 channels and are convertible to the *.CSV 

format for use in third-party software.  The conversion process adds a 17th channel to the data 

with the time increments in seconds. 

 Identifying Cycle State 

In order to calculate performance metrics, one must be able to define when the shovel is actually 

performing a digging action.  There are several other actions that the shovel does, such as 

tramming (moving), clean-up, swinging over a truck, swinging to start digging, and a number of 

motions that are not part of the dig cycle.  Identifying the cycle state is achieved through analysis 

of the motor signals and the application of exclusive criteria and logic to create a state-machine 

or state-chart, as mentioned above in Section 3.2 and further described in Chapter 7.   
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By looking at multiple motor signals for minima, maxima and threshold values, unique states can 

be defined for each of the machine’s various actions.  It is important to identify all possible states 

to accurately reconstruct the actions of the shovel after recording has occurred.  For this work in 

particular, the dig state is the action that requires the greatest attention. 

The dig state occurs when the shovel bucket is in the ‘tuck’ position, or near the ground, as close 

to the machine as possible.  This position is important as it allows an open dipper door to close 

and latch, which allows for a production bucket load to be excavated.  This position can be 

identified by a change in the hoist voltage signal from negative to positive, indicating a local 

minima for position.  This minima indicates that the direction of the hoist motor is changing; the 

hoist ropes are no longer being let out and are beginning to reel in, raising the bucket.  From this 

point, the operator will extend the bucket forward with the crowd motor and the hoist motor will 

raise the bucket up.  The end of a dig cycle is identified by a change in the crowd voltage signal 

from positive to negative, indicating maximum extension.  This maxima indicates that the 

operator is pulling the bucket away from the rock face.  At this point, the hoist motor may still be 

lifting the bucket to gain enough height to dump into the large haul trucks, or simply to settle the 

load inside the bucket.   

These local minima and maxima correspond well with the resolvers from site ‘B’ as points of 

maximum hoist rope extension (lowest point of the bucket) and maximum extension of the sticks 

(furthest penetration of the bucket from the shovel).   

Accurate identification of the dig cycle is crucial to eliminating false negatives and false 

positives in the time-based data set.  During field periods, a signal box, or ‘button box’, is used at 

site ‘B’ which when depressed will provide identifying, time-synchronized flags at the start and 
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end of dig cycles in the form of a voltage spike. The ‘button box’ consists of four buttons, each 

outputting a different, easily identifiable voltage.  These voltages are recorded on the same 

channel as the dipper trip and are therefore reduced by a 6:1 ratio, meaning a 3V signal is 

perceived in the recording as a 0.5V signal.  These spikes are clearly identifiable and not 

obscured by background noise.   

This box is connected via twisted-pair cable to the Dataq® recorder to ensure time-synchronous 

comparison of data after the fact.  By recording manual observations directly in line with the 

recorded motor signals, clear markers for start and end of the dig cycle are available to confirm 

our understanding of those characteristic signatures for the motor signals.  This is important for 

the work on data sensitivity to be discussed in Section 7.1. 

 

 Off-line Collected Data 

In addition to the logged data, significant off-line data were also collected.  Photographs of the 

fragmented rock mass were taken at each site location.  Circular objects of known size are 

thrown onto the muck pile for scale and images are time stamped and noted to accurately 

compare images with recorded data.  GPS data is also recorded for each dig point to 

geographically locate the calculated metrics to the images.  Hand written notes are kept for 

several days of operation at each site to log operator opinions of the changing digging conditions.  

All of these data types are collected in the same fashion for uniformity between sites. These 

images are analyzed using special software (WipFrag®) to establish the fragment sizes and 

distribution.   
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Additionally, at each site, information about geology, drilling patterns, explosives loading and 

operator schedules are collected to varying degrees.  These data are very location-specific and 

while useful to help characterize digging conditions, each site has different types of information 

and comparison between sites of this data is not always possible. 

 

 Fragmentation Image Analysis 

Fragmentation analysis was carried out using WipFrag® software available by site licence at 

Queen’s University.  This software utilizes a proprietary edge detection algorithm to isolate 

individual particles.  The area of these particles is used to estimate a size distribution for the 

photograph.  The photograph requires a pair of scaled objects to give a size reference and also to 

correct for ‘tilt’ from the slope of the muck pile.  In this research, the photos were not taken from 

the pit floor, but rather from a location outside of the operator’s cab on-board the shovel, 

reducing the ‘tilt’ by aiming the camera at an angle much closer to perpendicular, relative to the 

bench face.   

The output from the image analysis program is two-fold; a false-colour image indicates how the 

polygon network has been generated and a size distribution graph provides the analysis results 

conveniently on one graph.  An example of the outputs of this software can be seen in Figure 3-5 

and Figure 3-6.   
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Figure 3-5 - Fragment Distribution Software Edge Detection 

 

Figure 3-6 - Fragmentation Distribution from Image Analysis 
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With this information the fragmentation distribution of material and the calculated diggability 

metrics can be compared.  The calculated fragmentation distribution values of greatest 

importance for the mill would be the D50 (50% or median passing fraction size), D90 (90% 

passing fraction size) and maximum particle size values.  As these numbers increase, it is 

expected that primary crushing times and digging difficulty should also increase, as well as 

overall cycle times as demonstrated by Osanloo (Osanloo et al., 2005). 

 

 Operator Feedback and Notes 

At each site operator comments are requested through each day on the shovel and are noted and 

time stamped regarding the perceived condition of the muck pile.  For a longer term and 

consistent review of the muck pile conditions, an automated survey with a five-point rating 

system was installed on the shovel GPS guidance terminal.  This survey prompts the operator for 

their perception of the digging conditions for the previous 10 dig cycles.  In this way, operator 

perceptions can be logged and located for comparison with other data.   

This method was employed successfully for site ‘A’ but unsuccessfully for sites ‘B’ and ‘C’.  At 

those sites, the terminals installed on the shovel lacked the memory to properly carry out the 

survey.   

 

 Calculating Public-Domain Metrics 

Once the dig cycles have been identified in the time-based data, three types of metrics are 

calculated for each cycle.  Due to the diggability index equations used in Hendricks’ work being 
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the most mature, those equations are of primary interest.  General performance metrics are also 

calculated as well as metrics relating to the range of motion of the machine.  The following are 

the categories of calculated metrics from the time-based data: 

 

Table 3-2 - Calculated Metrics 

Metric Type Recorded Metrics 

Hendricks'  
Diggability 

Metrics 

Hoist Diggability Index 

Hoist Voltage Diggability Index 

Hoist Current Diggability Index 

Crowd Diggability Index 

Crowd Voltage Diggability Index 

Crowd Current Diggability Index 

General  
Performance 

Metrics 

Duration of Dig Cycle 

Average Power Consumption 

Energy Consumption 

Motion-Based 
Metrics 

Maximum Hoist Movement 

Maximum Crowd Movement 

Cut Ratio (Crowd Mov. /Hoist Mov.) 

 

A key factor in accurately converting these time-based data into meaningful “metrics-per-dig-

cycle” is being aware of the timing of both the start and the end of digging.  This cycle 

identification is discussed previously in Section 3.4.2.  For the purpose of analyzing the data 

collected on site, dig cycles start and end times were identified manually for the calculation of 

performance metrics. 

A small error exists in Hendricks’ equations shown in Appendix H relating to the ‘SR’ variable.  

In the denominator, it is not ‘sampling rate’ that should be present, but rather ‘sampling period’.  

The use of sampling period renders the equation applicable to different recording frequencies, as 
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is demonstrated in Hendricks’ thesis, and use of the term ‘sampling rate’ is determined to simply 

be a terminology error.  For the research in this thesis, the equations use the sampling period, as 

was originally intended and as is represented in Chapter 2. 
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 The Data Set 

Data collected from three test sites was recorded as described in Chapter 3.  This data was 

collected continuously over 24 hours each day throughout the field periods.  From this data, 

4,524 individual dig cycles were manually identified and used for the analysis in this chapter.  In 

addition to data collected while on site, the data acquisition units were set to continue recording 

after the field period had elapsed to capture longer-term data trends.  The summary of all the 

collected data from each site can be seen in Table 4-1 below. 

Table 4-1 - Collected Data Summary 

Site A B C 

Days Recording on  Site 9 9 9 

Bucket Loads Manually Picked 1012 1323 2189 

Total Bucket Loads Recorded  
(Approx., both On- and Off-site) 

18000 13000 9250 

Fragmentation Photographs 110 300 250 

Site Specific Information 
- Operator 
Subjective                                              

Assessments 

- Resolver Position 
Information 

- Time-synchronous 
Production 'Tags' 

- Explosives 
Loading 

Information 
- Drilling Patterns 

* All data collected at 20 Hz 

 

 Data Collected at Site A 

At Site ‘A’, over 40 days of shovel operations were recorded that span both time spent on site (9 

days) and an additional month’s worth of recorded data after departing the site.  Data collected 

while on site was reviewed manually and 1012 distinct dig cycles were identified.  The 
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additional data collected after the field period contains approximately 18,000 additional dig 

cycles.  Data recorded consisted of 13 signals and a time signal as outlined in Table 4-2 . 

Table 4-2 - Site ‘A’ Signal List 

Recorded Signal Channel # 

File Time 1 

Hoist Armature Current 2 

Crowd Armature Current 3 

Swing Armature Current 4 

Hoist Field Current 5 

Crowd Field Current 6 

Swing Field Current 7 

Hoist Armature Voltage 8 

Crowd Armature Voltage 9 

Swing Armature Voltage 10 

Hoist Joystick Reference 11 

Crowd Joystick Reference 12 

Swing Joystick Reference 13 

Dipper Trip Signal 17 

 

These signals were accessible from the shovel’s PLC cabinet in the control room below the 

operator cab.  Installation was accomplished using a ‘test panel’ of twelve pairs of banana plug 

jacks that comes with the shovel as standard equipment, seen in Figure 4-1.  The dipper trip 
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signal was received by connecting to the dipper trip circuit via a 24 V relay connected beneath 

the floor boards (not pictured). 

 

Figure 4-1 - Dataq® Recorder and Test Panel at Site ‘A’ 

 

There are 110 photographs of broken rock taken from the vantage point of the operator’s cab that 

correspond to the last 7 days of the site visit with representative samples analyzed using 

fragmentation analysis software (WipFrag®).  These photographs, taken for fragmentation 

analysis, are all noted for time and date of excavation for correlation with other data sources.  

GPS coordinates of the shovel for the span of the recorded data were not retrieved.  Hand written 

notes were taken and scanned that describe any erroneous operator behaviours noticed, describe 



55 
 
 

range-of-motion tests and describe both the operator’s opinion of the digging conditions as well 

as the author’s opinions.   

 

 Operator Assessment at Site A 

As part of the site investigation, operators were asked periodically for their impressions of how 

easy or hard it was to dig through the muck pile.  In order to quantify their responses, a piece of 

code was added to the navigation screens on board the shovel.  On every tenth bucket load, this 

code asked the operator to rate, on a 5 point scale, the digging difficulty.  Over the 40 day period 

while motor data was collected, over 1300 operator assessments were received.   

While interacting with operators on site, the verbal opinions about the digging conditions seemed 

to reflect the digging conditions well, however the numeric assessment made by the operators 

did not.  It was found that for the majority of the time, operators entered the same value, 

regardless of any change in the conditions.  Furthermore, operators had differing opinions of the 

conditions.  For example, operator ‘A’ would enter 15 values of ‘2’ for an eight hour shift, after 

which operator ‘B’, working in the same area would enter 15 values of ‘3’ for an eight hour shift.  

Due to this difference, the subjective assessments could only be compared to calculated metrics 

on an operator by operator basis.   

Preliminary analysis on areas of variability showed no correlation with any calculated metrics.  It 

was noted as well that operators would provide a greater variety of responses while researchers 

were on-board the shovel and more uniform responses while alone.  A sample of these responses 

can be seen in Figure 4-2.  The purpose for the operator assessments was to provide valuable 
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operator insight into the digging environment after the field period concluded, to aid in the 

analysis of digging conditions relative to the calculated metrics.  This effort was not carried out 

however, as the uniformity of the answers rendered any attempt at correlation with calculated 

metrics moot.   

 

Figure 4-2 - Operator Feedback of Digging Conditions at Site 'A' 

 

The operator feedback concept was not deemed a failure, but simply not useful at site ‘A’ due to 

the uniformity of digging conditions at the mine.  Uniform blasting results and good operator 

training resulted in smooth and predictable behaviour.    

 

 Overall Assessment of Site A 

Site ‘A’ was a well-organized mine with personnel from each of the unit operations that worked 

together cooperatively and maintained both consistent production and an excellent safety record.  

Blasting results were excellent with consistent fragmentation of a small average size that was 
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easy to load.  The mine employed four shifts on rotation with one operator per shift dedicated to 

a particular machine.  All four of the shovel operators at site ‘A’ had over 15 years of experience 

each.  The shovel was rarely without trucks and all operators were able to load efficiently 

without delays.   

The area of the mine being excavated was close to the surface and did not present material that 

was difficult to dig nor were there any issues relating to excessive water.  The original target area 

for the study was intended to be a deeper part of the mine that was expected to have greater 

variability in digging conditions, however last minute issues on site prevented the study from 

taking place in that area.  This mine was a good baseline of easy digging conditions, but the 

unfortunate location of the shovel prevented the variability desired to test the response of 

diggability metrics to varying conditions. 

 

 Data Collected at Site B 

At Site ‘B’, over 35 days of shovel operations were recorded that span both time spent on site (9 

days) and nearly a month’s worth of recorded data after departing the site.  Data collected while 

on site was reviewed manually and 1323 distinct dig cycles were identified.  The additional data 

collected after the field period contains approximately 13,000 dig cycles.  Data recorded 

consisted of 17 signals and a time signal as outlined in Table 4-3.   

These signals were accessible from the shovel’s PLC cabinet in the control room below the 

operator cab.  Installation was carried out by the mine electrician wiring the signal cables into 

terminal blocks connected to Allen Bradley PLCs.  The Dataq® recorded was located outside of 
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the PLC cabinet as pictured in Figure 4-3.  The dipper trip signal was received by connecting to 

the dipper trip circuit via a 24 V relay connected within the PLC cabinet (not pictured).   

 

Table 4-3 - Site ‘B’ Signal List 

Recorded Signal Channel # 

File Time 1 

Hoist Armature Current 2 

Hoist Armature Voltage 3 

Hoist Field Current 4 

Crowd Armature Current 5 

Crowd Armature Voltage 6 

Crowd Field Current 7 

Swing Armature Current 8 

Swing Armature Voltage 9 

Swing Field Current 10 

Hoist Joystick Reference 11 

Crowd Joystick Reference 12 

Swing Joystick Reference 13 

Hoist Resolver Signal 14 

Crowd Resolver Signal 15 

Boom Jacking 16 

Dipper Trip Signal 17 
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Figure 4-3 - Dataq® Installation at Site ‘B’ 

 

 Additional Recorded Signals 

The shovel at site ‘B’ was a slightly older 4100 class shovel than the one at site ‘A’ which made 

it possible to connect to the hoist and crowd resolver signals directly.  These resolvers are 

physically connected to the motor-gearbox system and provide position information for the 

purposes of calibration.  Calibration of hoist and crowd position is necessary to ensure the 

operator doesn’t make contact with the machine itself while hoisting or crowding (Himmelman, 
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2011).  The setting of these limits is performed after any major overhaul to the hoist cables or 

dipper sticks. 

By connecting to the output of the resolver, it is possible to visualize displacement along with the 

motor signals.  This allows us to verify the accuracy of identification of the dig cycle from the 

motor signals alone.  An example of this output can be seen in Figure 4-4, which also shows the 

motor currents and motor voltages for a typical dig cycle.  The resolver signals can be seen in the 

bottom sub plot as well as the dipper trip signal and production tags. 

 

Figure 4-4 - Motor Signals with Resolver Output Showing Start and End of Dig 

 

Time-synchronous production tags were manually entered into the recorded data log during the 9 

day period on site using a custom made signal box or ‘button box’.  These signals were used to 
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further verify the accuracy of identifying dig cycles by motor signals alone.  The unit was 

constructed to manually identify the dig cycle while on-board the shovel and insert tags in sync 

with the motor signals, as described in Section 3.4.2.  The voltage spikes can be seen in Figure 

4-4 and followed a linear sequence of spikes at 3, 4.5 and 6 volts, corresponding to start of dig, 

end of dig and dump to truck, respectively.  A fourth spike of 7.5 volts was used as an identifier 

for horn beeps and exceptions, such as the operator dumping the load on the bank in a clean-up 

action.  LEDs were equipped to provide visual confirmation to the researcher that the button was 

pressed.  The apparatus can be seen in Figure 4-5.  At site ‘B’ the horn was connected to the 

navigation system and used to release the truck to the dispatching system as well as provide an 

audible indicator to the driver that the shovel was finished loading the truck.  This is common at 

many mines, but in this study was only present at site ‘B’.  
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Figure 4-5 - Researcher's Signal Box 

 

Over 300 photographs of broken rock were taken from the vantage point of the operator’s cab 

that correspond to 5 days during the site visit with representative samples analyzed using 

fragmentation analysis software (WipFrag®).  All photographs are noted with the time and date 

of excavation for correlation purposes with recorded data.  GPS data for the shovel was provided 

that indicated position for each productive bucket load, an improvement from Site ‘A’.   

The electronic operator feedback system installed at site ‘A’ was incorporated at site ‘B’ as well.  

After 2 days of difficulties getting it to work correctly, it was determined that the addition of the 
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code was over taxing the older navigation system in place and the decision to remove the code 

was made as it was interfering with normal operation.  Noted feedback available from site ‘B’ is 

entirely verbal and available for the field period only. 

 

 Secondary Fragmentation Analysis System 

In addition to the fragmentation analysis discussed in Section 3.5.1, site ‘B’ had a separate image 

analysis system supplied by Split Engineering.  This system consisted of a camera mounted 

outside of the operator’s cab pointing at the rock face in front of shovel.  This system would take 

a series of photographs which were sorted through manually in the engineering office and sent 

over the mine wireless network for image analysis.  In comparison to the photographs taken for 

this work, the concept was very similar but the execution quite different.  The Split system did 

not require scaling media as the camera was a fixed distance from the muck pile.  This fixed 

system allows for a one-time calibration to determine scale, however it is an approximation as 

the rock will not always be the same distance from the shovel.  The system was considered for 

capturing fragmentation data after leaving the test site, however the system produced images of 

such low quality that they were not usable and this approach was not pursued.   

The first and biggest issue with the Split system was the resolution.  While the photographs taken 

during the field period were 6 megapixels in size (3000pixels by 2000pixels) the photographs 

from the split system were QVGA, or 320 pixels by 240 pixels.  This very low resolution means 

the field of view would have to be much smaller to get adequate resolution to identify fragment 

boundaries.  Though the field of view was smaller, the photographs coming from the shovel were 
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still much worse than those from the 6 megapixel camera.  Additionally, the lack of resolution 

prevents the accurate detection of smaller particles and fines.  Secondly, the camera itself was 

often obscured by dust and rarely kept clean enough for quality images, as was seen in person 

while on-site.  The camera system was also non-functional for the duration of the field period, 

making comparative analysis impossible.  After reviewing several dozen photographs taken by 

the onboard camera (prior to the field period), the limitations of the system resulted in the 

decision to not adopt the Split imagery for this study. 

It should be noted that it is the opinion of the researchers, having seen Split imaging systems 

working at other mine sites, that this system was not being properly maintained nor was the 

image resolution properly selected.  This example does not reflect the behaviour of other Split 

systems but is likely an anomalous system that is not optimally tuned for good fragmentation 

image results. 

 

 Overall Assessment of Site B 

Site ‘B’ had predictable fragmentation of a small average size (D50 = 119mm), very similar to 

site ‘A’.  The field period at Site ‘B’ occurred as the shovel started to excavate under an old pit 

road where the drilling and blasting had not gone as planned.  This misfortune in drilling and 

blasting proved fortunate for this research as it allowed for the comparison of easy and hard 

digging at the same site in adjacent blast patterns.  The variability in the poorly blasted zone 

from one bucket to the next, going from easy digging to hard digging, was a critical variability in 

order to ascertain what a representative metric would be for this type of digging scenario. 
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Operator training at site ‘B’ was not as formalized as it was at site ‘A’.  Operators were trained 

by other operators and also on their own.  This site operated four shifts but would have both 

shovel operators and dozer operators on the shovel.  The operator of the dozer would switch with 

the regular operator for a period of a few hours in the middle of a shift.  The rationale for this 

procedure had to do with transitioning to 12-hour shifts from 8-hour shifts, however it was not 

clear as to what the expected benefits of this practice were.  The author’s observations were that 

these ‘relief’ operators were less experienced and not as efficient.  The experience level of the 

regular operators varied from 2-15 years. 

 

 Data Collected at Site C 

At Site ‘C’, over 45 days of shovel operations were recorded that span both time spent on site (9 

days) and over a month’s worth of recorded data after departing site.  Data collected while on 

site was reviewed manually and 2189 distinct dig cycles were identified.  The additional data 

collected after the field period contains approximately 9,250 additional dig cycles.  Data 

recorded consisted of 13 signals and a time signal as outlined in Table 4-4. 

These signals were accessible from the shovel’s PLC cabinet in the control room below the 

operator cab.  Installation was accomplished using a ‘test panel’ of twelve pairs of banana plug 

jacks that comes with the shovel as standard equipment, identical to site ‘A’.  A close up view of 

the test panel can be seen in Figure 4-6.  The dipper trip signal was received by connecting to the 

dipper trip circuit via a 24 V relay. 
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Table 4-4 - Site ‘C’ Signal List 

Recorded Signal Channel # 

File Time 1 

Hoist Armature Current 2 

Crowd Armature Current 3 

Swing Armature Current 4 

Hoist Field Current 5 

Crowd Field Current 6 

Swing Field Current 7 

Hoist Armature Voltage 8 

Crowd Armature Voltage 9 

Swing Armature Voltage 10 

Hoist Joystick Reference 11 

Crowd Joystick Reference 12 

Swing Joystick Reference 13 

Horn 16 

Dipper Trip Signal 17 
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Figure 4-6 - Test Panel at Site ‘C’ 

 

Over 250 photographs of broken rock were taken from the vantage point of the operator’s cab 

that correspond to 6 days during the site visit with representative samples analyzed using 

fragmentation analysis software (WipFrag®).  All photographs are noted with the time and date 

of excavation for correlation purposes with recorded data.  GPS data was provided that indicated 

the dig position for each productive bucket load, as well as the shovel centroid location.  Drill 

hole locations, depths, explosives loading and stemming information was retrieved for the area 

under study.   
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 Drilling and Blasting Data 

The drilling and explosives record at site ‘C’ was the most complete of any of the sites.  

Information about explosive types, hole locations, stratigraphy, stemming heights and drill 

reports were received.  Using this information in combination with the GPS information from the 

shovels it was possible to visualize changes in the blast pattern and to compare that information 

with diggability metrics.  While the mine provided stratigraphy information, the eastern portion 

of the blast pattern, from which all of the field period data is sourced, was a single rock type.  

Additionally, the explosive type did not change through the pattern, nor did the stemming height.  

Subsequently, powder factors were similar throughout the pattern, increasing slightly to the south 

as the pit floor was sloped to follow a geologic contact.   

Despite near-uniform blasting parameters, there were 2 main areas where the blast was known to 

be poor.  These areas exhibited slumping holes which was due to water issues.  Operator 

statements indicate these zones to be particularly difficult to dig.  As a result, with all other 

factors held constant, this allowed for a review of metric performance in especially hard digging.  

One of these areas of especially hard digging occurred toward the northern extent of the blast 

pattern.  This was expected to be difficult digging, as the mine was establishing a final pit wall in 

this location, therefore minimizing explosive damage was important.  The side effect of this, 

combined with slumping holes, was very difficult digging and very large fragmentation.  Both of 

these areas are identified in Figure 4-7 as well as the extent of the excavated area during the field 

period.   
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Figure 4-7 - Site 'C' Area of Investigation and Problem Areas 

 

 Overall Assessment of Site C 

Site ‘C’ was a mine with extremely hard and abrasive rock.  This caused issues for drilling, 

blasting, excavating and crushing.  This site was the opposite of site ‘A’ in that it produced 

consistently hard digging, with periods of extremely hard digging.  The material was denser than 

at the other two sites, with larger average fragmentation size, poorly heaved ground, large 

boulders and was being excavated with smaller equipment.  All of these factors increased the 

demand on the shovel and forced it to perform at maximum capacity.  As a result, this site was 

an excellent contrast to the other two sites.  This shovel is the same 2800 class shovel as was 

studied in Hendricks’ work, but with upgraded motors and digital circuitry.  Fragmentation, on 

average, was not as large as the material in Hendricks’ study, but the density of the taconite 
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material (5.2 g/cm3) was approximately double that of the limestone and sandstone from 

Hendricks’ work, thus the digging apparatus and muck pile challenges are similar. 

Operator performance was mixed with some efficient experienced operators and some less 

efficient, less experienced and ‘heavy handed’ operators.  Personnel on site are cross-trained and 

frequently operate various pieces of equipment as needed.  While a shift rotation is in place, the 

amount of constant change to the schedule made it impossible to predict who would be operating 

the machine more than 1 day ahead of schedule.  A total of eight operators were recorded during 

the field period; all were better trained than the majority of operators at site ‘B’ and none save 

one were as skilled as the operators at site ‘A’. 

 

 Fragmentation Data Analysis 

Fragmentation images were analyzed using WipFrag® software on images captured with a 

digital single-lens-reflex camera.  These images are from similar, but not identical distances and 

at different zoom levels.  To account for these differences, scaled objects are included in the 

photos and measured in software to provide a scale for particle measurement.   

The scaled objects were all circular to ensure a constant measurement regardless of the object’s 

pose in the image.  At site ‘A’ plastic toy balls were used, but at sites ‘B’ and ‘C’, disposable 

plastic dinner plates were used instead.  The use of a disc instead of a sphere makes no difference 

as a scaling object as the diameter of the plate is visible, even if positioned on edge.  By taking 

the measurement of the long axis of an ellipse, the measured length is always the diameter of the 
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disc.  Using a disc instead of a sphere made it easier to keep a scaled object higher up in the 

muck pile as they were less prone to bouncing down to the floor.  This can be seen in Figure 4-8.  

While explosives personnel may be interested in all the distribution parameters provided by 

WipFrag®, the relevant metrics for this research are those relating to size.  Table 4-5 gives the 

average particle diameters of ‘equivalent spheres’, as determined by WipFrag®, for all of the 

photos analyzed at each site.  The D10, D50 and D90 values indicate the fraction of the rock 

mass that would pass through a sieve at different screen sizes.  In this case, the 10%, 50% and 

90% passing fraction sizes are reported, along with the minimum sized particle and maximum 

sized particle averages.  Particle count in the images ranges from 4,000 particles to 40,000 

particles and is a factor of particle size and camera zoom. 
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Figure 4-8 - Fragmentation Scaling Media at Site ‘B’ 

 

Table 4-5 - Average Fragmentation by Site 

Average Fragmentation Values (millimeters) 
 Min D10 D50 D90 Max 

Site A 1.57 28.60 134.39 386.12 550.46 

Site B 2.84 35.67 118.73 316.06 591.34 

Site C 4.91 72.64 268.02 800.24 1295.50 

 

As can be seen here, sites ‘A’ and ‘B’ are similar, while site ‘C’ has over double the average size 

in nearly all categories.  Site ‘C’ values are consistent with results from Hendricks’ work.  
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Examples of fine and coarse fragmentation distributions from Hendricks’ work are shown in 

Table 4-6.   

Table 4-6 - Range of Fragmentation from Hendricks' Study 

    Fragment Size (mm) 

General Description Date D10 D25 D50 D75 D90 

Fine Fragmentation 
August 

20th 134 182 262 378 485 

Coarse Fragmentation 
August 

15th 237 357 521 747 1371 
 

Representative samples of these differences can be seen in Figure 4-9, Figure 4-10, and Figure 

4-11 with scaling media (3” and 10.25”) and scale bars for reference. 

 

Figure 4-9 - Fragmentation at Site 'A' 
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The deposits at sites ‘A’ and ‘C’ are sedimentary limestone and taconite deposits, respectively, 

while site ‘B’ is an igneous rhyolite deposit.  The shape of the particles differs from site to site, 

from cubic/tabular fragments at site ‘A’ to amorphous/spheroid shapes at site ‘B’ to a 

combination of both as site ‘C’, however they are all quite similarly shaped, with sphericity 

values of 0.675 to 0.725 at all sites as calculated by WipFrag®.  It was expected that differences 

in lithology, fragment shape in particular, would have a great impact on digging conditions, 

however shape alone was not a noticeable factor in dig effort due to this uniformity between 

sites. 

 

Figure 4-10 - Fragmentation at Site 'B' 
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While shape may have an effect under certain circumstances, it was observed that other factors 

dominated, notably explosive use, from site to site.  Sites ‘A’ and ‘B’ did not have difficulty in 

attaining desired powder factors and subsequently generally produced uniform fragmentation of 

a desired size distribution, exceptional circumstances notwithstanding.  Site ‘C’ could not attain 

desired powder factors due to the high strength of material (up to 550 MPa UCS) coupled with 

widely spaced holes (22 foot burden and spacing) and the need to use emulsion due to water 

problems.  These factors resulted in the large fragmentation shown in Figure 4-11 .   

 

Figure 4-11 - Fragmentation at Site 'C' 
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 Analysis of Public Domain Metrics 

 

 Dig State Identification 

Before any diggability metrics could be calculated, the time-based data had to be split up into 

pieces that represented dig cycles.  To do this, the raw data was imported into Matlab® and a 

small program written to both display the time-based motor signals and to register ‘start-’ and 

‘end-’ times that were manually selected using a mouse via the ‘ginput’ command.  By selecting 

the start and end times visually, sub-second precision was obtained.   

Identifying dig cycles varied slightly from site to site due to differences in operator training and 

operating procedures, but the fundamentals were the same.  Each machine would lower the 

bucket into the tuck position just above the ground and close to the machine before starting to 

dig.  This was easy to identify from motor signals as the voltages of each motor were high and of 

opposite polarity to their state during digging.  Just prior to contact with the muck pile, the 

voltages would change polarity as the hoist motor started to reel in the cable and the crowd 

motor began to thrust the dipper forward.  Up until this point, current values were low due to the 

lack of resistance and the bucket being empty.  Contact with the muck pile was identifiable by 

increased current on the motors, which was usually quite abrupt.  Similarly, at the end of dig, one 

would see an abrupt, momentary drop in hoist current as the dipper disengaged from the muck 

pile, which was typically preceded by a sharp reversal in crowd voltage and subsequent drop in 

crowd current.  An example of these features can be seen in Figure 5-1. 
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Figure 5-1 - Identifying Features of a Dig Cycle 
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The resolver information available from site ‘B’ confirmed the position of the dipper at these 

points and the portions of data that contained production tags from the ‘Button Box’ fell in line 

with the behaviour outlined above.   

By repeating this visual identification process throughout the recorded data files, a new data file 

of manually picked ‘points’ was created consisting of start and end times for each dig cycle.   

 

 Calculating Metrics 

Using the raw data files and the new ‘points’ files, metrics could be calculated.  A list of 

calculated metrics is shown in Table 5-1.   

Table 5-1 - Calculated Metrics 

Metric Number Metric Name 

1 Start Time of Dig Cycle 

2 Duration of Dig Cycle 

3 Hoist Diggability Index 

4 Hoist Voltage Diggability Index 

5 Hoist Current Diggability Index 

6 Crowd Diggability Index 

7 Crowd Voltage Diggability Index 

8 Crowd Current Diggability Index 

9 Average Power Consumption 

10 Energy Consumption 

11 Maximum Crowd Movement 

12 Maximum Hoist Movement 

13 Cut Ratio (Crowd Mov. /Hoist Mov.) 

14 Bucket Location Easting (Feet) 

15 Bucket Location Northing (Feet) 
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At sites ‘B’ and ‘C’, the addition of GPS data allowed for position information to be appended to 

the metrics as well.  In Chapter 6, additional metrics are discussed and each is added as a 

column.  All of these columns became part of one matrix that was stored as a small csv file and 

was able to be recalled for statistics calculations, plotting of metrics and other analysis. 

 

 Diggability Metric Evaluation 

Evaluation of the diggability metrics was done visually by location-referencing each metric with 

the GPS location of the shovel at the time of excavation.  An example of such a ‘metric map’ is 

shown in Figure 5-2.  Each of the calculated metrics is plotted separately (in this example, 

average dig power is shown) using a colour gradient to indicate relative high or low values.   

Because the other data types and personal observations are spatially referenced, it is import to 

find a way of spatially locating the metrics to have a common method of comparison.  Similar to 

the spatial contour map representations used by Halatchev (Halatchev et al., 2007) and Ohrvall 

(Ohrvall, 1998) to represent dig time, the use of colour allows one to identify not only the 

approximate value of the metric but also the variability relative to adjacent dig cycles or nearby 

sections of the blast pattern.  This allows for the visual identification of trends, rapid changes, 

differences in operator behaviour and other observations, all at a glance. 

Each coloured circle represents the bucket position for one dig cycle with an accompanying 

black square to represent the center of the shovel body.  These black squares show us how the 

shovel progresses through the muck pile and, upon close inspection of the bucket locations, 

reveals the wide sweeping range of the bucket.  In Figure 5-2 we can see the linear tracks of the 
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shovel progressing toward the north (top of image) digging approximately a 60 degree swath as 

it advances.  The string of black boxes at the bottom represent the shovel path prior to the field 

study and have no metrics associated with them.  They are included to show the effect of throw 

during the blast, moving some material up to 100 feet from its original location.  Indicated by 

orange arrows, the blasting in this pattern was directed toward the south-east and some material 

was thrown quite far in that direction, indicated by the orange line in Figure 5-2. 

 

Figure 5-2 - Diggability Metrics by GPS Bucket Position (Average Dig Power) 

 

Maps of all calculated metrics for sites ‘B’ and ‘C’ are included in Appendix A, while 

visualization of metrics at site ‘A’ was not possible due to issues relating to retrieving the correct 

GPS data.  As such, analysis of metrics from site ‘A’ is restricted to statistical analysis. 
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The ‘metric maps’, such as the above showing average dig power are especially useful due to the 

available additional information regarding operators, rock stratification, location within the muck 

pile, etc.  For example, the blue zone in the middle right side of the Figure 5-2 is an area where 

explosive loads were slumping and it was an experienced operator who described that area as 

‘difficult, with many shallow passes required’.  Conversely, the lower left area in red (high 

average power) was a less experienced operator that would dig more aggressively but not very 

efficiently.  The effect of different operator practices is discussed in Chapter 7.  Figure 5-2 also 

demonstrates, at a glance, large differences in average power for nearby zones.  This could point 

out an area of poor digging at some sites, however, due to the additional knowledge gathered 

regarding operators, blasting loads, drilling rates and fragmentation it is known that, in this 

particular example, these power usage differences are erroneous and as such average power 

would not be a metric used to represent diggability at this mine site.  This example demonstrates 

that small amounts of information could be misleading but that we have sufficient data to 

confidently identify this metric (average power) as a poor candidate for a diggability metric at 

this site. 

 

 Performance of Hendricks’ Diggability Metrics 

To determine how well diggability metrics represent digging conditions, a variety of digging 

environments are required to compare metric performance.  Site ‘A’ was useful for establishing 

baseline values for easy digging, but none of the operators’ comments, fragmentation 

distributions or on-site observations of the author indicated much variability or hard digging.  

Without this, more data from different sites was necessary.  Site ‘B’ provided an excellent 
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opportunity for analysis by showcasing both the easy digging and good fragmentation of site ‘A’, 

but also provided insight into some harder digging conditions as well as areas of variability.  Site 

‘C’ provided hard digging conditions and some very hard zones.   

 

 Site ‘A’ Metric Analysis 

Site ‘A’ was the first site tested and exhibited very easy digging with uniform blast performance 

and little variation from bucket to bucket.  As a result of this, determining how representative the 

diggability metrics are of the conditions is difficult.  Statistical analysis of the calculated metrics 

indicates low values of the calculated hoist diggability metrics, low average power consumption 

and low dig energy use.  One metric that was much higher than expected was the crowd 

diggability index, as highlighted in Table 5-2. 

Table 5-2 - Site A Calculated Metric Statistics 

Statistic 

Dig 
Cycle  
Time 
(sec) HDI HVDI HCDI CDI CVDI CCDI 

Minimum 3.200 0.008 0.044 0.099 0.155 0.135 0.943 

Median 9.300 0.087 0.326 0.275 2.068 0.799 2.740 

Maximum 31.400 0.779 1.145 1.134 9.085 2.149 4.687 

Mean 10.332 0.108 0.361 0.310 2.355 0.829 2.751 

Standard Deviation 4.301 0.079 0.201 0.155 1.427 0.397 0.656 

Skewness * 1.215 2.724 0.997 2.122 1.156 0.430 0.107 

Kurtosis ** 5.120 17.831 3.956 9.162 4.892 2.654 2.792 

* normal distribution value = 0     

** normal distribution value = 3     

 

When subsequently compared to sites ‘B’ and ‘C’, all of the calculated metrics are lower than the 

other two sites with the exception of the crowd diggability signals.  These signals were 
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inexplicably high and did not agree with observations of conditions on site.  Upon inspection of 

the time-based data it was seen that the crowd motor behaviour was changing abruptly part way 

through dig cycles.  It was determined that this behaviour was the result of a P&H control system 

called OptiDig®.  The shovel is a 4100 XPC model and employs an optimizing software to 

prevent the operator from stalling the machine.  This software is designed to safeguard the health 

of the machine but also to help inexperienced operators maintain progress through the muck pile 

and allow them to achieve better production rates.   

 

The software operates by controlling the crowd motor.  When the software detects the hoist 

motor operating at maximum current without achieving the desired hoist velocity, it is 

determined that there is too much resistance preventing the bucket from advancing.  By 

manipulating the crowd motor, the software can retract the bucket, overriding the operator 

request, to prevent over penetration of the bucket in the muck pile.  The goal is to optimize the 

digging effort to maximize productivity and reduce motor stalling, which is detrimental to 

machine health.  Unfortunately, by controlling and retracting the crowd motor, the resulting 

oscillating motor signals bring the average value for crowd voltage and current much closer to 

zero than it otherwise would be, which depresses the denominator in the diggability metric 

calculation.  This was analyzed and was shown to greatly exaggerate the calculated crowd motor 

diggability metrics. This behaviour is shown in Figure 5-3. 
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Figure 5-3 - Modified Crowd Motor Control Behaviour 

 

Throughout the entire dig cycle in Figure 5-3, the operator is pushing the crowd joystick to its 

fullest extent.  A few seconds after the dig cycle begins, there is a sharp rise in the current signal 

for both motors as the bucket contacts the muck pile.  For a few seconds, the crowd motor 

current climbs slowly, while the hoist current approaches maximum.  Shortly afterward, the 

control system activates and cuts the crowd current to zero and begins to pull back on the bucket.  

At this point, the hoist motor is operating at maximum current and the system has determined 

that a stall is possible and intervenes to prevent it.  Once the dig cycle completes, the control is 

returned to the operator, and the joystick signal and the crowd motor voltage signal reflect one 

another again. 
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While operator feedback at site ‘A’ was not compared with diggability metrics for the full data 

set due to the uniformity of responses, there was one shift where an experienced operator 

reported significant variability in the feedback responses.  For this shift, crowd diggability values 

were compared against the operator feedback values to investigate if the OptiDig-affected values 

could still provide a meaningful representation of digging conditions.  As shown in Figure 5-4, 

no correlation was found between operator feedback and the crowd diggability index.  This 

comparison was conducted for all the calculated metrics, with similarly negative results.  If the 

digging conditions in this section were truly as variable as the recorded operator feedback 

suggests, the calculated metrics did not represent this variability. 

 

Figure 5-4 - Crowd Diggability Index Values vs. Operator Feedback Rating 

 

The effect of this control system could be problematic not only for the calculating crowd motor 

metrics, but also hoist motor metrics.  If the crowd motor is being manipulated to prevent the 
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shovel from stalling in the bank, then the hoist signal is being kept artificially smooth.  In the 

case of a stall, the hoist signal could become more ragged and the overall average motor signal 

values could decrease, both of which would increase hoist diggability index values.  

Subsequently the very low values for hoist diggability index seen in the statistical analysis may 

be artificially low. 

The magnitude of this effect is unclear but would be best studied by turning off the software 

temporarily, recording more data in an area of difficult digging at site ‘A’, or repeating the 

experiments at a future site with varied conditions also utilizing a 4100 XPC.  Unfortunately, 

these options were not available to confirm any findings.   

The conclusions of the public domain metric analysis at site ‘A’ are that conditions were 

representative of typical conditions; dig times, observations from the operators and the 

researcher observations all indicated that digging was fairly uniform and easy.  These conditions 

lacked sufficient variability in digging effort to allow for analysis of the algorithms at this site.  

Therefore, given these site parameters and conditions, new diggability metrics will be required 

for performance monitoring.  Furthermore the unknown magnitude of the effect of the software-

based control algorithm on hoist diggability values results in diggability metrics at site ‘A’ being 

unreliable for quantifying digging conditions. 

 

 Site ‘B’ Metric Analysis 

With the addition of GPS data at site ‘B’, the calculated metrics can be compared to spatial 

information and analyzed to see how metric performance changes relative to shovel position in 
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the blast pattern.  This is very useful at site ‘B’ as there was significant observed variation in 

digging difficulty and shovel performance across the drill pattern.   

Looking first at the calculated crowd diggability index values shown in Figure 5-5, the calculated 

metrics do not reflect any of the conditions observed, however the high and low values were 

clumped together.  The data shown in Figure 5-5 spans several days, which indicates that crowd 

diggability results were significantly influenced by differences in operators and not changes in 

the dig difficulty.  Additionally, in Figure 5-5 there is a significant area of high crowd diggability 

index values on the right side of the image where some of the easiest digging was observed. 

For reference, Figure 5-5 and the other spatially presented metrics that follow contain both 

circular and square markers.  The circular markers represent the location of the bucket for a dig 

cycle and the colour bar on the right side of the figure indicates the value of the metric (given in 

the figure title) calculated for that bucket position.  The empty black squares denote the position 

of the shovel centroid while digging.  These help to indicate the path of the shovel, while the 

bucket positions can be seen oriented in an arc, pivoting around the shovel centroid.  In the case 

of figures from site ‘B’, the right side of the figure was excavated first, after which the shovel 

moved in a counterclockwise fashion, ending up in the bottom left corner of the image. 
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Figure 5-5 – Calculated Crowd Diggability Indices at Site ‘B’ 

 

Looking at the calculated hoist diggability index values, in Figure 5-6, it is observed that the 

overall values are low.  The values increase towards the west end of the pattern (left side of 

figure), however these do not line up with the hardest digging area in the bottom left corner.  

This indicates a partial relationship with difficult digging, but not a reliable one.  The area of 

hardest digging exhibits similarly low values to the rest of the test region.  Furthermore, the 

eastern zone (right side of figure) exhibits high values of calculated hoist diggability indices but 

was in the easiest digging area recorded.  This indicates that while the hoist diggability 

calculation may correctly identify certain difficult digging areas, it has just as many false 

positives and false negatives to be unreliable in representing the digging conditions.   
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Figure 5-6 - Calculated Hoist Diggability Indices at Site ‘B’ 

 

Looking at the individual motor components of the hoist diggability index reveals a different 

story than the combined metric alone.  Recalling the definition of Hendricks’ diggability index 

calculation from Section 2.4.3, the voltage and current diggability indices are multiplied to 

produce the index for each motor.  The hoist voltage diggability index values shown in Figure 

5-7 indicate the same operator bias as the crowd diggability index values in the same locations, 

where the component parts of the calculated crowd diggability indices do not show this.  The 

hoist current diggability index values shown in Figure 5-8 are high in most places where the 

hoist voltage diggability index values are lower, including very high values scattered about the 

blast pattern.  When the voltage and current components are multiplied to generate the hoist 



90 
 
 

diggability index, the values largely level one another off to an even, low value across the blast 

pattern, obscuring the effect of the operator’s influence.   

 

Figure 5-7 - Calculated Hoist Voltage Diggability Indices at Site ‘B’ 
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Figure 5-8 - Calculated Hoist Current Diggability Indices at Site ‘B’ 

 

While the average values for the calculated hoist diggability indices were much higher than site 

‘A’, the locations of the high values did not precisely match the areas of harder digging.  The 

increase of values did generally trend from easy to hard as the shovel moved into harder digging 

zones, but the hardest digging areas observed did not have high diggability indices and some of 

the easier areas to dig had very high diggability indices.   
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 Site ‘C’ Metric Analysis 

At site ‘C’, the same metrics were calculated, this time in very hard digging.  At this site, the 

values for calculated diggability indices were yet higher and had a wider distribution.  At this 

site, Hendricks’ diggability metrics matched very well with observed conditions; the harder it 

was to work through the muck pile, the higher the calculated diggability index values.  As 

determined in Hendricks’ thesis, the hoist diggability indices proved to be much better indicators 

of performance than the crowd diggability indices.  The hoist voltage diggability index in 

particular was very representative of zones of increasing digging difficulty.  The values shown in 

Figure 5-9 show a distinct set of digging zones with high values, notably in the top-centre and 

centre-right of the figure.  These two areas were the hardest digging regions in the blast pattern 

and are very easily identified using Hendricks’ algorithms.   

Digging conditions at site ‘C’ were, at times, as difficult as the shovel could handle.  It was 

obvious when conditions worsened as the machine would come to a halt and struggle to make it 

through the muck pile in fits and starts.  This produced exactly the kind of motor signal that 

yields a higher diggability index; a signal with lots of variability and a low average motor signal 

value.  It should be noted that the calculated diggability values are shovel dependent and are to 

be used as a site-specific relative metric.  Calculated index values are not comparable between 

sites, but are best used to represent the areas of increased or decreased dig effort.   
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Figure 5-9 - Calculated Hoist Diggability Indices at Site ‘C’ 

 

For comparison, the conditions at site ‘B’ were not as challenging; the bucket was sometimes 

stopped in the bank by unbroken ground, but generally moved in a smoother fashion as it dug 

through the muck pile.  On board the machine, the ride was noticeably rougher in difficult 

digging than in easy digging, but the shovel did not stall in the bank nearly as much as at site ‘C’.  

Despite some zones of poor blasting at site ‘B’, the muck pile conditions were uniformly better 

than at site ‘C’.  This, coupled with a larger, more powerful machine, gave the operator the 

ability to power through the harder sections and not stall the machine nearly as frequently as at 

site ‘C’.   
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At site ‘C’ the crowd diggability index displayed similar results to the hoist motor but also 

identified some areas throughout the patterns as difficult that were not observed to be so.  Figure 

5-10 shows the calculated values for the crowd diggability indices. 

 

Figure 5-10 - Calculated Crowd Diggability Indices at Site ‘C’ 

 

While site ‘B’ and ‘C’ both had operators of varying experience, the values of the calculated 

diggability indices at site ‘C’ do not show the same amount of operator bias as at site ‘B’.  This 

may be due in part to better operator training or simply rougher conditions that mask operator 

bias and force a particular digging approach. 
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 Diggability Metric Statistics   

Another method of comparing the three sites against one another is to compare the statistics of 

each calculated metric.  At each site there were different metrics that represented the observed 

digging conditions.  A summary of these statistics can be seen in Table 5-3. 

Comparing the three sites in this way resulted in specific metrics that stand out at each site.  At 

site ‘A’, the crowd diggability indices are much higher than at the other sites, which is especially 

pronounced due to the other values being much lower than at sites ‘B’ and ‘C’.  Site ‘A’ had the 

easiest digging environment and the cause of these high crowd diggability values is discussed in 

Section 5.4.1.   

From a statistical standpoint, at site ‘B’ it is the hoist diggability index that is significantly higher 

than at site ‘A’.  However, the analysis in Section 5.4.2 shows these values on this site to be 

unreliable.  The crowd diggability index values are also somewhat higher than at site ‘C’ but this 

has been shown to represent operator influence more than digging conditions. 

At site ‘C’ the hoist diggability metrics are the highest of all three sites which agrees with the 

finding in Section 5.4.3.  The crowd diggability metrics are the lowest of all three sites, yet in 

Section 5.4.3 are demonstrated to be more representative of digging conditions than at the other 

two sites. 

It was determined that while diggability indices were related to some difficult digging, they were 

not representative in all difficult digging conditions.  This means that there is more than one way 

for digging to be considered difficult, and yet established public domain metrics have only 

focused one type of difficulty to date.  The equations from Hendricks’ thesis rely on the 
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variability of the motor signals divided by their average value; high diggability indices are 

attained by highly variable signals, low average values, or both.  However, this method is not 

valid for site ‘B’ and a more reliable metric for describing difficult digging is required. 
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Table 5-3 - Calculated Metric Statistics for All Sites 

Site 'A' Statistics 

Dig 
Cycle  
Time 
(sec) HDI HVDI HCDI CDI CVDI CCDI 

Minimum 3.200 0.008 0.044 0.099 0.155 0.135 0.943 

Median 9.300 0.087 0.326 0.275 2.068 0.799 2.740 

Maximum 31.400 0.779 1.145 1.134 9.085 2.149 4.687 

Mean 10.332 0.108 0.361 0.310 2.355 0.829 2.751 

Standard Deviation 4.301 0.079 0.201 0.155 1.427 0.397 0.656 

Skewness * 1.215 2.724 0.997 2.122 1.156 0.430 0.107 

Kurtosis ** 5.120 17.831 3.956 9.162 4.892 2.654 2.792 

        

Site 'B' Statistics 

Dig 
Cycle  
Time 
(sec) HDI HVDI HCDI CDI CVDI CCDI 

Minimum 3.650 0.039 0.093 0.208 0.074 0.054 0.490 

Median 11.750 0.390 0.753 0.536 1.218 0.803 1.570 

Maximum 50.300 1.946 2.356 2.135 6.595 3.316 5.380 

Mean 12.625 0.459 0.775 0.603 1.295 0.824 1.648 

Standard Deviation 4.896 0.272 0.309 0.269 0.679 0.406 0.538 

Skewness * 1.308 1.564 0.593 1.364 1.323 0.711 1.573 

Kurtosis ** 6.638 6.149 3.791 5.392 7.418 4.818 8.471 

        

Site 'C' Statistics 

Dig 
Cycle  
Time 
(sec) HDI HVDI HCDI CDI CVDI CCDI 

Minimum 2.300 0.013 0.049 0.144 0.063 0.063 0.197 

Median 9.200 0.449 0.549 0.823 0.622 0.636 1.044 

Maximum 66.750 4.657 2.260 3.314 4.684 2.137 4.821 

Mean 10.477 0.582 0.597 0.896 0.780 0.675 1.154 

Standard Deviation 5.963 0.469 0.273 0.357 0.568 0.308 0.574 

Skewness * 3.944 2.612 1.561 1.688 2.116 0.894 1.584 

Kurtosis ** 23.933 13.694 7.488 8.115 9.749 4.098 7.189 

* normal distribution value = 0       

** normal distribution value = 3       
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 Weaknesses of the Diggability Index Equation  

While the diggability metrics described by Hendricks can be useful in characterizing difficult 

digging environments, there are limitations in applicability of this equation.  Additionally, there 

are limits within the equation itself.  Hendricks’ equation for the hoist diggability index is shown 

again for reference in Equation 5-1. 

Equation 5-1 - Hendricks' Hoist Diggability Index 
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where:  n = Number of samples during the dig cycle 
  HV = Hoist armature voltage 
  HI = Hoist armature current 
  SP = Sampling period 
 

This equation measures variations in the armature current and voltage but does not specify a 

sampling period.  As mentioned in Section 3.4, the sampling rate in this thesis is 20 Hz, which 

equates to a sampling period of 50 milliseconds.  In Hendricks’ work, the sampling period varied 

between two different recorders from 100 milliseconds to 820 milliseconds, or 10Hz down to 

1.22 Hz.  In Hendricks’ work, the 100 millisecond sampling period proved acceptable for 

calculating diggability metrics, but the 820 millisecond sampling period was inadequate for 

capturing the variation in hoist motor voltage response.  Intuitively, the sampling rate must be 

fast enough to capture signal variation, for instance a sampling period of 30 seconds would miss 

a dig cycle completely, but there are no established upper or lower bounds specifying appropriate 

sampling rates in Hendricks’ work.  Additionally, sampling rates that are too fast could also 

create problems.  As the sampling rate increases, motor noise will cause the numerator in the 
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equation to increase as each sampled point will be slightly different from one another.  This 

motor noise does not reflect digging conditions, but would add to the ‘length of trace’ in the 

numerator while having no effect on the denominator.  In theory, as the sampling rate 

approached infinity, so would the diggability index, as the denominator represents the average 

value, which would change little, and the summed micro-variations in the numerator would be 

infinite.  Obviously the sampling rate cannot go to infinity, but the effect of high sampling rates 

(short sampling periods) on the diggability equation has not been investigated.  As such, any 

implementations of these metrics using high sampling rates that have not verified their values by 

downsampling their raw data run the risk of over-estimating the diggability index values. 

Another issue is with the partial application of power.  If operators request less than maximum 

speed from the shovel motors (meaning they do not fully engage the joysticks) the denominator 

in Hendricks’ equations will have a lower average value, as it represents either average voltage 

or average current.  As the numerator represents the level of effort required, and is more ragged, 

the more frequently resistance is met, then the numerator value will not change significantly 

regardless of the extent to which the operator engages the joysticks.  Because the motors are 

speed controlled, they will alter current as much as required to overcome resistance and maintain 

speed.  As resistance is encountered, the current will spike as high in a low speed scenario as a 

high speed scenario to generate the force required to maintain speed, however once the resistance 

is overcome, the average value will be lower for low speed digging.  These two factors result in 

the calculated DI being higher simply for digging more slowly with the same machine.   

A similar issue regarding disparate calculated values for similar material stems from the 

diggability metric lacking portability between shovels.  For a mixed fleet of shovels with 
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different specifications, the diggability metrics calculated by each will not be compatible.  

Without normalizing the diggability metric to an excavated volume or mass, shovels with 

different buckets and capabilities at the same site are computing two different metrics with the 

same name. 

The raising of these issues in no way implies that the diggability index values are unusable, but 

merely indicates that further research needs to be done to investigate sampling limits, metric 

susceptibility to low-power usage and the difference in metric values for dissimilar shovels at 

one site. 
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 Energy as a Metric and Spatial Representation 

Methods 

While the use of Hendricks’ equations to evaluate diggability have proven effective at 

identifying certain types of digging challenges, it has been shown that there are scenarios where 

this method results in incorrect assessment of the digging conditions.  In order for mines to 

properly use performance monitoring to improve blast practices and achieve desired 

fragmentation distribution, a new metric is required that can be used to identify other types of 

digging challenges not captured with the existing diggability metrics.  In this chapter, the use of 

dig cycle energy consumption as a diggability metric is introduced and analyzed for its ability to 

identify these types of digging challenges not represented by current metrics.  This chapter also 

investigates the effects of spatially smoothing data in two different ways, introduces the concept 

of preparation energy use and total energy use for assessing diggability, investigates the 

sensitivity of diggability metrics to deviations from proper cycle state identification times, and 

proposes a new state-machine model for large cable shovels.  This chapter also discusses specific 

digging energy as a new concept and why it cannot, at present, be calculated.  Finally this 

chapter presents an approach for selecting appropriate diggability metrics to represent digging 

conditions based on site-specific environmental and equipment factors. 

 

 Energy Metrics 

For all three sites, six public domain metrics were calculated, which have been presented in 

detail in Chapter 5.  In addition, three general performance metrics were also calculated; dig 
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time, average dig cycle power consumption and dig cycle energy consumption.  These general 

performance metrics were examined for their ability to provide context for digging conditions.  

All three were found to provide context for digging conditions, however after a preliminary 

analysis it was found that the dig energy metric showed the greatest potential for accurately 

indicating the digging conditions.  Therefore, the energy metric was selected for further analysis 

on the sites where Hendricks’ diggability metrics were insufficient. 

In order to calculate energy, the scaled +- 10V signals recorded from the Test Panel had to be 

converted into the actual values for motor voltage and current that they represent.  This was 

achieved by using the equipment manufacturer’s scaling factors for each machine. 

 

 Energy Monitoring at Site ‘B’ 

At site ‘B’ there was a noticeable increase in digging effort over the course of a few days due to 

the shovel moving into a known poorly blasted area.  In Chapter 5 it was shown that public 

domain metrics were only able to show the general increasing trend of digging difficulty as the 

shovel moved, however they were unable to accurately identify individual buckets that were hard 

to dig and calculated high values in areas that were not.  This was the first location where the 

energy metric was applied, to investigate its capability at accurately identifying digging 

conditions.  When looking at the dig energy metric however, a much better correlation was seen.  

The spatial analysis of calculated metrics at site ‘B’ showed that digging conditions trended best 

with dig cycle energy consumption.  Compared to the previous algorithms developed by 

Hendricks and others, energy use best represented the digging conditions in the difficult areas as 
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well as the easier areas.  This behaviour can be seen in Figure 6-1.  Energy as a metric to 

measure diggability is one that makes intuitive sense; the more energy required to excavate the 

material, the more difficult it must be to excavate.  This relationship can be seen in Figure 6-1, 

where digging conditions averaged 6 MJ per bucket on the upper right portion of the figure and 

increased to an average of 12 MJ per bucket, with variable zones up to 20 MJ, heading to the 

bottom left of the figure.     

 

Figure 6-1 – Calculated Dig Energy Use at Site ‘B’ 

 

In the difficult digging section from site ‘B’, there was significant variability from bucket to 

bucket; one load would be normal and the next would encounter unexpected resistance.  This 

resistance could be at the beginning of the dig cycle (hard or unblasted toe) or somewhere in the 

middle (large unfractured area) and could even often surprise the operator with its level of 
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resistance and subsequent jarring of the machine.  Because of this, the operator was often 

unprepared and was digging in their standard fashion.  When more difficult ground presented 

itself, the operator simply pushed through as normal.  Complete stalling of the machine in the 

bank (muck pile) did occur occasionally, but in general the machine was powerful enough to fill 

the dipper without a halt.  As a result, due to the available power and digging trajectories 

employed by the shovel at site ‘B’, dig-cycle energy consumption showed excellent results in the 

representation of the digging conditions. 

 

 Energy Monitoring at Site ‘C’ 

At site ‘C’, digging conditions were always challenging, as powder factors were always lower 

than desired due to logistical constraints, such as widely spaced patterns and long stemming 

columns.  This made the muck pile consistently hard to dig in and taxed the shovel to its limit 

continuously. As a result, when performing an energy metric analysis for site ‘C’ it was seen that 

the areas of least digging energy reflected some of the more difficult digging areas, while the 

(relatively) easiest digging areas had some of the highest energy values.  The energy metrics 

calculated for site ‘C’ can be seen in Figure 6-2. 
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Figure 6-2 - Calculated Dig Energy Use at Site 'C' 

 

The differences in energy at site ‘C’ appear mostly as distinct groupings of lower or higher 

values, such as the area of low values in the centre-right of the figure and the area of higher 

values in the bottom left.  These areas both show different operators at work, specifically one 

with a decade of experience, who dug efficiently in hard material, and one relatively new 

operator who dug aggressively and inefficiently.  These operator differences are discussed at 

length in Chapter 7.   

The findings from analyzing the energy metric at site ‘C’ are that for these site conditions, it is in 

fact Hendricks’ hoist diggability calculations presented in section 5.4.3 that represent the digging 

conditions best, and not the calculated energy usage.  Therefore, while the energy metric was 
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found to be the best indicator at site ‘B’ there are limitations to using energy as a metric for 

diggability assessment, as shown by the results at site ‘C’. 

 

 Use and Limitations of Energy as a Metric 

One of the largest limitations to using an energy metric universally is the equipment itself.  As 

described in Section 5.4.2, the motors on the shovel are speed controlled meaning that the 

operator’s joysticks are referenced by the motor drives to select the voltage that corresponds to 

the speed the operator would like to achieve.  The motor drives then apply whatever current is 

necessary to attain and maintain the speed requested by the operator.  As conditions go from easy 

through to difficult, the machine simply applies more current to maintain the desired speed, 

which is usually maximum speed, as the operators try to dig as quickly as possible.  Electric 

power supplied to the motor can be calculated as voltage multiplied by current.  Since speed is 

linearly related to voltage for these motors, then at constant speed, current becomes linearly 

related to the power supplied to the motor.  Since power multiplied by time yields the consumed 

energy, then for most easy, medium or hard digging conditions, energy can represent the level of 

digging effort.   

Where the energy-effort relationship fails is when the machine is not able to achieve the desired 

speed.  When the level of resistance is very high, the motors lack the ability to supply sufficient 

current to achieve the power output requested.  This leads to maximum amps but a falling 

voltage.  As the motor speed drops off, so too does the voltage and the calculated power drops as 

well.  The digging conditions are very difficult, but instantaneous power and cumulative energy 
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usage are low.  When the shovel is pushed to this extreme, the bucket stalls in the bank and the 

operator has to devise an alternate approach to digging that area.  In this case, energy as a metric 

would not represent digging conditions well. 

Such is the case at sites ‘B’ and ‘C’ where a powerful shovel (site ‘B’) can simply apply more 

force and use more energy to ‘muscle through’ harder zones and a slightly smaller shovel (site 

‘C’) with significantly greater digging challenges must adopt a different digging strategy.  At site 

‘C’ the operators discussed their approach to tougher-than-normal digging conditions and 

described the need to ‘pick through’ the muck pile, handling large boulders and working their 

way into the bank.  Such actions explain why the public domain metrics, which compute 

raggedness, perform well at describing difficult digging of this type.  The style of digging at site 

‘C’, however, has many starts and stops, and often does not have high voltage and high current 

values at the same time, as the motors can either apply force or move quickly, but not both at 

once.  This leads to lower power and energy use. 

It is important to note that this analysis reflects on the match between the shovel and the material 

to be excavated and not on the absolute size or power of excavators, nor on the absolute fragment 

size within the muck pile.  What this means is that for a given set of digging conditions, a shovel 

that is more than powerful enough for the task could use energy as a metric to reflect dig effort 

variation, whereas a shovel that is under powered for the task will require different metrics to 

measure dig effort and the use of energy as a metric would be ill advised. 
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 The Importance of Dig Time 

Applying the relationship between the energy metric and the digging conditions at sites ‘B’ and 

‘C’ can be challenging as they have nearly opposite trends from one site to the other.  At site ‘B’, 

the energy increases with effort and at site ‘C’ the energy decreases with effort.  Without any 

additional information, it would be difficult to know with certainty whether the energy is being 

representative of the digging conditions or if the shovel is now in an area beyond its capability 

and energy is no longer a good metric for monitoring dig effort.  Therefore, to properly apply the 

energy metric as a digging condition indicator an additional parameter is required. 

When digging a bucket load of material, difficult digging conditions often takes more time than 

easy digging.  Dig time on its own can be a dangerous metric to use to describe digging 

conditions are there are many things that can slow down a shovel that are not related to dig 

effort.  However, as a check against other metrics, dig time can be useful.  As seen below in 

Figure 6-3 and Figure 6-4 the areas known to be difficult have an increased number of longer dig 

times than easier areas.  As seen, there are several other points throughout the data that make dig 

time non-ideal as a primary metric to calculate dig effort, but the overall application of dig time 

does provide sufficient additional insight on the conditions to provide an understanding of lower 

or higher energy values.  At site ‘B’, in particular, the longest cycles occur in the areas of highest 

energy usage.  At site ‘C’ the opposite is the case, where the entire centre-right side of the energy 

figure displays low energy values, yet in this area many of the longest dig cycles occur.  Using 

the dig time parameter with the energy metric provides an excellent ‘litmus test’ which provides 

the necessary tools to decide whether or not dig energy is a good metric for describing digging 

conditions or not for any given site. 
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Figure 6-3 - Calculated Dig Time at Site 'B' 

 

Figure 6-4 - Calculated Dig Time at Site 'C' 
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 Spatial Smoothing 

The visual method of analyzing dig cycle data in the previous chapter forms the basis of 

assessing the diggability of a blast pattern, but it is not always the most accurate or efficient way 

to visualize and understand digging conditions.  While the resolution is high, yielding thousands 

of data points per pattern, this can be overwhelming and obfuscate how conditions are changing, 

especially when there is significant hole-to-hole variability.   

For different reasons it may be desirable to average digging metrics over time, location or by 

some other factor.  The following sections explain these reasons and the meaning of the resultant 

data.  Additional factors that should also be considered are presented in this chapter. 

 

 Viewing Data by Shovel Location 

One method of averaging the data is to show a single value for each shovel location or shovel 

move.  Each shovel location typically yields between 3 – 8 truck-loads of material (10-35 bucket 

loads).  This method therefore plots fewer data points, making the identification of broad trends 

simpler when looking at an entire drill pattern.  An example of such averaging is shown in Figure 

6-5.  Where data from Chapter 4 had coloured circles for each bucket location, this 

representation locates a circle at the shovel centroid, where the black squares were in the 

previous visualization.  All of the values for each bucket excavated at that location are averaged 

to yield a representative value for that location. 

The main benefit of this averaging technique is the reduction of variability going from bucket to 

bucket and provides a clearer picture of the digging for a small region.  In areas of mixed digging 
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conditions, this allows for easier viewing of trends across a pattern.  Figure 6-5 displays the same 

metric as Figure 5-2, but is averaged by shovel position and exhibits this behaviour, as a 

decreasing trend in average power consumption can be seen from the south end of the pattern 

(bottom) to the north end (top) along the left side of the figure.  While this type of averaging will 

obscure the existence and extent of variability, it is a useful method to report and/or visualize 

larger scale trends in the data.  Another drawback of this method is that it does not show the 

physical range of digging, as it does when visualizing all bucket locations.  This visualization 

would be helpful when looking at the entire drill pattern at once, with a few data points per 

borehole, on average, instead of hundreds. 

 

Figure 6-5 - Averaging Diggability Metrics by Shovel Location 
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 Viewing Data by Truck Load 

Another method to average digging metrics is on a per-truck basis.  This technique has distinct 

advantages for observing specific metrics, for instance when evaluating metrics, such as dig time 

and energy consumption.  Averaging in this manner accounts for what is known as “light 

loading” the dipper, or not filling the dipper to the normal capacity.  This action can make 

digging easier, but require more bucket loads to fill a truck.  Ordinarily this is considered 

inefficient, however there are operational scenarios, such as hard digging, in which it may be 

unavoidable.  In this case, averaging data on a per-truck basis would be beneficial.  This method 

of representing data must be done with care as it may shed light on the conditions using certain 

metrics, such as energy consumption, but would be misrepresentative of others such as 

Hendricks’ DI calculation due to the method used for calculating the average.   

By averaging the data per truck and then by each shovel location, metrics can be evaluated in 

terms of how they affect production.  This enables mines to see how blasting issues or poor 

blasting practices are affecting production statistics for the shovels and trucks.  For example, if 

average dig times per bucket have improved slightly, but the average truck requires 5 or 6 

dippers of material instead of 3 or 4, this would be seen on a dig-time-per-truck basis.  Similarly 

with energy, the value per bucket may go down, but the energy required to fill one truck may 

rise.  This can be seen in Figure 6-6 and Figure 6-7, where dig-time-per-bucket and dig-time-per-

truck are shown. 
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Figure 6-6 - Dig Time per Bucket, Averaged at Each Shovel Location 

 

In this comparison, the difficult digging areas have longer average dig times, but of particular 

interest is the centre-left area (identified) of Figure 6-7 where a significant increase in dig time 

can be seen, as well as significant variability, when viewing the day on a per-truck basis.  This is 

not seen on a per-bucket basis, therefore this identifies an operator requiring more bucket loads 

than usual to fill trucks.   Since three- or four- pass loading is common at this mine, and visible 

in comparing these values of these two figures, the fact that this operator is averaging seven or 

eight passes per truck in some areas indicates either a lack of training (the operator in this area 

was a novice) and/or difficult digging conditions. 
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Figure 6-7 - Dig Time per Truck, Averaged at Each Shovel Location 

 

This analysis and visual representation were developed for site ‘C’ only and though energy is not 

a good measure of digging conditions at site ‘C’, it could possibly be used as a measure of 

operator efficiency, similar to the dig time figures above.  In Figure 6-8 the average energy for a 

dig cycle is shown.  Figure 6-9 shows the energy consumption per-truckload, revealing the same 

variability and inefficiency in the centre-left area of the figure as in Figure 6-7. 



115 
 
 

 

Figure 6-8 – Dig Energy per Bucket, Averaged at Each Shovel Location 
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Figure 6-9 - Dig Energy per Truck, Averaged at Each Shovel Location 

 

The importance of spatially smoothing data can be seen in these figures as it can distill thousands 

of data points into a few dozen representative ones.  For sites with significant variability, this can 

help to make sense of large amounts of data across a blast pattern.  Further analysis of operator 

influence on calculated metrics is discussed in Chapter 7. 

 

 Total Excavation Energy / Preparation Energy 

When shovels are ‘fully trucked’, meaning they always have a truck available to load, nearly all 

of their effort is put into productive work.  Experienced operators can operate in an efficient and 

tidy way so as to minimize production-delaying clean-up tasks.  As conditions deteriorate and/or 
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the shovel does not have trucks to load, the operator may often carry out some clean-up tasks, 

either to tidy up the muck pile in front of the shovel or to loosen the material for easier loading of 

a full bucket once a truck arrives.  In these cases, the operator is modifying the condition of the 

muck pile from which diggability metrics will be calculated. 

The extent of these clean-up tasks or preparatory work varies from site to site and depends on the 

availability of trucks, muck pile conditions and operator training.  At site ‘C’, this was quite 

pronounced, with the amount of preparation work eclipsing the actual digging work.  Almost 

60% of the energy used by the machine was spent on preparatory work, likely affecting the 

calculated metric values.  An example of energy consumption from productive digging and 

preparatory work can be seen in Figure 6-10. 

 

Figure 6-10 - Total Excavation Energy Chart 
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Evident in Figure 6-10, the amount of preparatory work varies by operator and by location.  This 

can lead to certain operators appearing to dig more efficiently but in fact are simply doing more 

preparatory work to make the digging easier.  Using a spatial smoothing method described in the 

previous section, we can visualize this effect at site ‘C’.  In Figure 6-11 and Figure 6-12 the 

average value at each shovel position is shown for dig energy and preparation energy, 

respectively.  The operators are given numbers to distinguish them that match the numbers in 

Figure 6-10. 

A good example of this behaviour is operator number 6, who had relatively low digging energy 

values but higher preparation energy values.  This can be seen both spatially in Figure 6-12 and 

by looking at the size of the preparation energy bars in Figure 6-10. 

 

Figure 6-11 - Dig Energy per Bucket with Operators Identified 
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Figure 6-12 - Preparation Energy per Bucket with Operators Identified 

 

Since preparatory work is often used to make production excavation easier, and since operators 

exploit this to varying degrees, the combination of the two values can be combined to look at the 

total excavation energy consumed.  This combination can help reduce the severity of the 

influence that the operator’s style has on the energy metric.  An example can be seen in Figure 

6-13.   
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Figure 6-13 - Total Excavation Energy per Bucket with Operators Identified 

 

This method of representing energy still shows significant difference between operators, 

however by also plotting the data on a per-truck basis, the overall energy-efficiency of the 

operators can be represented.  As can be seen in Figure 6-14, variability is further reduced.  By 

looking at operator number 6, it becomes clear that they consistently pursue three-pass loading, 

which increases their per-bucket energy consumption, but on a per-truck basis consumption is 

similar to other operators.   



121 
 
 

 

Figure 6-14 - Total Excavation Energy per Truck with Operators Identified 

 

Preparation energy is not wasteful as it is practiced by some of the more experienced operators.  

In the case of operator number 6, the total energy use was on par with other operators, on a per-

truck basis.  Looking back to Figure 6-7, we can see they have one of the lowest dig times per 

truck and they fill a truck in fewer passes.  Operator number 6 is therefore an efficient operator, 

using an average amount of energy per-truck and filling trucks in fewer passes.  In the difficult 

digging conditions experienced at site ‘C’, preparation energy expenditure can prove to be quite 

beneficial.   
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 Specific Digging Energy 

Specific digging energy (SDE) is the amount of energy required to dig out a given volume of 

rock.  The term and concept are similar to the better known specific fracture energy (SFE) that is 

measured in drilling applications.  In the case of rotary open pit drills, the SFE is a measure of 

how much energy per volume is required to penetrate (fracture) intact rock.  This value is useful 

as it correlates well with rock strength properties and has been used for decades to determine 

blasting loads in patterns of varying rock types.  Specific digging energy has been investigated 

previously (Ceylanoglu et al., 1994) (Ozdogcaronan 2003) (Ozdogcaronan et al., 2010) (Karpuz 

2001) but was confined to unblasted materials.  In these studies, bucket fill factors were 

consistent and depth of cut was a controlled variable.  The blasted materials from the mining 

environments in this thesis however are too dissimilar from the previous research sites where 

specific digging energy was investigated to apply those methods to the current research. 

It would seem that calculating specific digging energy is a way of describing the rock mass in 

similar terms to SFE, however there are a number of challenges that prevent this.  The drilling 

metric and the excavation metrics described above are calculated for intact rock, whereas the 

rock mass being excavated is fractured and full of void space.  The amount of void space varies 

and impacts the level of digging effort required.  As the amount of void space is extremely 

difficult to measure, assigning an SDE value for a volume of intact rock is not realistic.  

Measuring the energy for a given volume of heaved rock is possible, by referring to the 

calculated dig energy for each bucket, and assigning a location for each bucket is an average 

position of the path swept by the bucket.  Furthermore, as a rock mass is blasted, the amount of 

movement throughout the blast is not well known, therefore assigning an energy value to a 
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location for each bucket is an estimate.  By averaging values over an area, the results would have 

less resolution but could perhaps smooth varying data values to identify trends, similar to the 

results shown in Section 6.2.   

Calculation of specific digging energy would be beneficial by combining both preparatory 

energy and dig energy as discussed in Section 6.3 and describing how total excavation energy 

per unit volume changes over the course of the blast pattern.  Such information could help factor 

out things such as light loading and aspects of operator influence. 

Additional challenges to the implementation of an SDE metric include the use of support 

equipment.  At all three sites, support dozers were available to help keep the digging area tidy, 

prevent undue damage to truck tires, and with work ranging from doing a bit of clean-up work to 

effectively ‘feeding’ the shovel material.  Despite this, if there are sites where the shovel is 

highly utilized or the dozer is constantly available, any erroneous data would be averaged out.  

For mines where energy is a good diggability metric, this could be used to spatially represent 

diggability to blasters and incorporate preparatory work (perhaps by instrumenting the dozer as 

well) to truly represent digging conditions.  Monitoring of the dozer could yield its energy usage, 

but the actions of both machines are different and would require further investigation to 

determine the validity of this approach.  Further discussion of the effect of support equipment is 

in Section 8.2. 

As a result of the many unknowns described above, specific digging energy was determined to 

be potentially informative but not reliably calculable with the information gathered from this 

study.  The total energy metric, averaged by shovel location, can provide similar information, but 

a true calculation of SDE would require more research into the topic to be done. 
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 The Condition-Based Metric Selection Method 

By analyzing metric performance at significantly different mine sites, it was concluded that not 

one metric could represent digging effort at all mines.  The standard method of applying 

Hendricks’ diggability metrics was found to represent the environment at site ‘C’, but did not 

adequately represent sites ‘A’ and ‘B’.  While the simplicity of a single metric is desirable to use 

when describing digging conditions, analysis at site ‘C’ in particular has shown that while one 

metric can be used as the primary descriptor of a digging environment, there is additional value 

in the information provided by other, secondary metrics.   

Choosing between the use of Hendricks’ diggability metrics and energy consumption monitoring 

is seen to depend on a combination of explosives/fragmentation parameters and excavator 

capabilities.  The site in this study with the most challenging digging conditions employed the 

smallest shovel, which also had the smallest bucket.  This smaller bucket is sized appropriately 

to the machine’s capabilities but as a result the size ratio between the rock fragments and the 

bucket is much smaller than at sites ‘A’ or ‘B’.  At sites ‘A’ and ‘B’, the combination of well 

fragmented and loose material flowed into the bucket easily, while at site ‘C’ the operator would 

have to ‘pick through’ the muck pile at times just to make any progress.  The difference in these 

approaches to digging is what determines which metrics represent the digging environment.  The 

largest, most powerful shovel can be made to struggle if the rock fragments are large enough and 

the muck pile is not loose.  Knowing both the equipment capabilities and typical blasting 

performance at a mine can help decide what metrics to use. 

For sites such as ‘A’ and ‘B’, where the machine is more than capable of digging most muck 

piles, dig energy is the appropriate metric to use.  The path of the machine and the digging style 
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varies little at these mines and the amount of energy consumed correlates well with observed 

digging conditions in this study. 

For sites such as site ‘C’, where the machine is operating at the limit of its capability, hoist 

diggability indices and hoist voltage diggability indices are the most appropriate metrics to 

analyze.  The path of the machine is ragged as it continually adjusts its path through the muck 

pile and the degree of this raggedness, as measured using Hendricks’ equations, correlates well 

with observed digging conditions in this study. 

For mines that are in between these cases, both metrics should be calculated, as should dig time.  

Dig time can help to determine whether energy values are correlating well with digging 

conditions or not.  Indeed, some previous research has had success using dig time as the primary 

indicator of blasting conditions (Segarra et al., 2010) however the dig time results from this 

study have shown multiple instances of long dig times due to pausing in the muck-pile as well as 

other factors unrelated to digging conditions, and as such it is recommended as a secondary 

metric only. 

For all sites, spatial smoothing of metrics may be beneficial to help identify trends, either by 

shovel location, by truck location or by some other metric of importance at a given mine site. 

For any site employing OptiDig® or any other such control system, a separate investigation 

would be required to determine the extent of the effects of such a system on the hoist diggability 

metric values.  Crowd diggability metric calculation is absolutely not possible in such a case but 

the extent to which this affects the hoist diggability indices is unclear. 
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 Cycle States and Metric Sensitivity 

 Sensitivity Analysis on Dig Cycle Selection Timing 

For the data analyzed in this thesis, all of the metric calculations, evaluations and comparisons 

presented were based on dig states that were manually identified by humans with knowledge and 

understanding of the excavation process.  This process is labour intensive, and takes nearly 25% 

of the time required to do the actual excavation itself.  In order for a diggability metric to be 

relevant and applicable at a mine in any beneficial way, this process must be automated to some 

degree.  In order to create algorithms to identify dig states intelligently, the sensitivity of each 

metric to start and end times needs to be measured.  Each metric will be sensitive to timing in 

different ways.  For instance, some metrics may not be affected by early start times or late end 

times (over capturing data) while for others the opposite may hold.  Additionally, others may be 

greatly affected by both early and late start or end times. 

Knowing the purpose of analyzing metric sensitivity, a method is required to evaluate it.  Using 

basic statistics, start and end times were evaluated through the use of histograms.  By taking a 

base-case set of data and altering the start times and end times progressively, changes to the 

metric histogram can be seen.  The magnitude of the change indicates how sensitive a metric is 

to timing.  For both the start- and end-times, the manually selected time was shifted in one 

second increments, both early and late, in five steps.  This generated 10 alternative scenarios for 

the start time and 10 alternative scenarios for the end times.  Including the base case, this makes 

for 11 histograms each. 
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Rather than presenting this information as individual histograms or in a series of tables, which 

would make comparison of scenarios difficult, the histograms have been stacked together and 

presented three dimensionally.  Stacking histograms in this way allows us to observe each metric 

in the data set at a glance and understand how it would be affected by changes to the start and 

end times of the dig cycle, as well as how those changes would progress.     

An example of these stacked histograms can be seen in Figure 7-1, which illustrates the dig 

energy metric start time, where the original dig cycle and the additional 10 data sets created can 

be seen at the same time.  In this figure, the histograms are labelled 1 through 11, with 6 being 

the original data.  In this current presentation, the first histogram has a start time that is 5 seconds 

early, the second has a start time that is 4 seconds early, and so on.  The seventh histogram starts 

1 second late, the eighth starts 2 seconds late and so on.  All of this data represents the sensitivity 

of the energy metric to start times only; a separate figure is required to observe the sensitivity of 

end times.  
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Figure 7-1 - Energy Metric Stacked Histogram 

 

It should be noted that this figure’s usefulness is best observed when it can be rotated and viewed 

in three dimensions to observe differences in distribution and shape.  For example, the 

histograms at the back of Figure 7-1 are hard to see and their changing distribution is unclear.  

To overcome this two dimensional limitation, each bin has been given a colour to represent its 

value and by viewing the stacked histogram from above, as in Figure 7-2, all of the values can be 

seen.  The colour of each bar corresponds to its height (number of samples in that bin), allowing 

for a colour-coded “topographical map” or “heat map” of the metric value distribution.  In this 

pixelated way, we can observe how the average values for that metric will change, how the 

distribution spreads out or tightens up and the rate at which they will change. 
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Figure 7-2 - Energy Metric Histograms From Above – Start Time Sensitivity at Site ‘B’ 

 

Another method of looking at the statistical change of metric values is through a visualization 

such as shown in Figure 7-3.  In this figure from site ‘B’, we can see how many percentage 

difference statistical values will be in each of the 10 scenarios.  The values presented are the 

mean, standard deviation, skewness and kurtosis; all of which can give us a different view of the 

sensitivity of the metric to timing.  Again, by using energy as an example, we can see very little 

change if the start time is early, but a steady and dramatic change to the mean value occurs as the 

start time becomes later, missing out on important digging information.  It can be seen that the 

average value would drop by 40% if start times were five seconds late.  Additionally, we see that 

the data begins to skew, but it does not spread out (standard deviation) or concentrate (kurtosis) 

excessively. 
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Figure 7-3 - Dig Energy Metric Start-Time Sensitivity Statistical Changes (percent) at Site ‘B’ 

 

Metric sensitivity must be calculated for both start times and end times.  While the start-time 

sensitivity of dig energy at site ‘B’ is sensitive to late starts only, the end-time sensitivity is 

sensitive to both early and late timing.  This sensitivity can be seen in Figure 7-4 and Figure 7-5. 
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Figure 7-4 - Dig Energy Metric End-Time Sensitivity at Site 'B' 

 

Figure 7-5 - Dig Energy Metric End-Time Sensitivity Statistical Changes (percent) at Site 'B' 
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In the case of hoist diggability metrics at site ‘C’, the sensitivity to start times is affected for both 

early and late starts.  Early starts show up to a 35% increase in calculated values by being 2 

seconds in advance (as the machine swings into and out of the ‘tuck’ state), while a 10% 

reduction occurs if the start time is even 1 second late.  Other statistics change significantly, 

indicating that the distribution both skews to the right and concentrates.  This sensitivity 

information can be seen in Figure 7-6. 

 

Figure 7-6 - Hoist Diggability Indices Statistic Change (percent) at Site 'C' 
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The difference in behaviour for each of the metrics can be dramatic and would aid a mine greatly 

in determining how to set up their automatic picking algorithm to avoid the collection of bad 

data.  These two graphs alone would indicate that site ‘B’, when monitoring dig energy, could 

afford to record the start of dig cycles slightly early, but site ‘C’ would want to ensure that start 

times are accurate to within a second.  An example of the ‘top-down’ stacked histogram for the 

hoist diggability indices (HDI) at site ‘C’ can be seen in Figure 7-7, with the effect that the 

excess motion prior to engaging the muck pile has on the mean value can be clearly seen in the 

early start times. 

 

Figure 7-7 - Stacked Histogram Heat map for HDI at Site 'C' 
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In the case of Figure 7-7, rapid motion of the bucket prior to the dig cycle has a large effect on 

the calculated value (for early start times) and should be visible in heat maps and sensitivity 

graphs for all three sites, however the magnitude of the effect of this response will differ from 

site to site.  A full suite of images and graphs reflecting metric sensitivity for all three sites is 

available in Appendix B and Appendix C.   

 

 Cycle State Identification 

Proper shovel cycle identification is crucial to getting accurate diggability information.  

Identifying not only the dig state but also the other states of the shovel at all times is important to 

determine what is, and what is not, a dig cycle.  Ensuring that the actions of the shovel are 

properly accounted for at all times can ensure that there are no false positives or false negatives 

in dig cycle identification.  Cycle state identification has been shown to be important for other 

types of performance monitoring on non-steady-state systems as well, such as vibration 

monitoring, where machine responses vary dramatically for each function performed (each state) 

and segregating data is crucial for meaningful analysis (Timusk, 1999). 

Cycle identification has been discussed in Hendricks’ work and the importance of identifying the 

dig state in particular is understood.  While Hendricks’ work discussed the dig state, swing to 

truck state and dumping action, there are other states that are important to identify, such as swing 

to bank state, tuck state and, as mentioned, the clean-up state.  Identifying all the states the 

shovel can be in can provide further insight into digging conditions by looking at the time spent 

on other activities, for example how much time is spent performing clean-up tasks or how 
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frequently does the shovel have to move, and so on.  To capture all these states and how the 

shovel goes from one state to another, a state machine has been developed to model the 

excavating process. 

State machines, state transition diagrams, and state charts are ways of visually representing the 

functions of a machine and how they are carried out.  Developing a state machine for a shovel is 

difficult because of the many ways in which a shovel can be used.  Nevertheless, for the vast 

majority of the time, shovels are being used to load material into trucks and that process is 

repeatable and well understood.  A generic state chart diagram was developed for the mining 

scenarios in this research that describes the possible states of the shovels at all three sites and can 

be seen in Figure 7-8, with a detailed version of the excavating functions in Figure 7-9 that also 

details the transitions between states.  The activities of the shovel shown in Figure 7-8 are 

grouped into two sections; the main state chart and the excavating/operating sub-chart.   
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Figure 7-8 - Shovel States and Transitions 

 

The main chart indicates whether the machine is operating, propelling, in a wait state, delay state 

or if it is ‘down’ and unable to work.  The design of this state chart reflects design elements of 

the shovel itself.  The propel state is separated from the operating state due to how the propel 

system works; the propel system is driven by the same motors used for hoist and crowd, thus the 

machine cannot excavate and propel at the same time.   



137 
 
 

Looking at the elements of the excavating/operating sub-chart, we see the pertinent states related 

to dig cycle identification.  In this representation, the valid states that the shovel can be in are the 

unknown state, tuck, dig, swing-to-truck, dump, swing-to-bank and clean-up.  Both the main 

state chart and the sub-chart also contain arrows that show the transition between states.  Some 

transitions between states can be two-way transitions, such as the transition from excavating to 

propel, but others are one-way transitions, such as from swing-to-truck to dump.  There is no 

way to “un-dump” the bucket, so it is not a two-way transition.   

Additional states can be added, such as in Figure 7-9 where the ‘spotting’ state is included.  A 

mine may desire additional states for other production monitoring needs, but for monitoring dig 

effort, the state charts shown here are sufficient for this work. 

The final elements of the state charts are the black circles and the H* circle.  The black circles 

indicate a start point for when the machine is powered up, while the H* circle represents state 

history.  State history is a bookmark for when the machine leaves the sub-chart.  For example, if 

the machine has a full load in the bucket, has swung away from the bank, but the truck that is 

meant to be loaded had a breakdown, then the operator may put the machine into a wait or delay 

state.  This pulls the shovel out of the excavating/operating sub-chart and into a delay state.  

When a new truck shows up and the operator takes the shovel out of delay, the state history 

allows the shovel to jump back into the swing-to-truck state and proceed to the dump state.  

Without a history marker of this sort, the machine would start at the unknown state and have to 

wait until the bucket entered tuck to identify any further states.  This would mean losing state 

information for the dig cycle. 
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Figure 7-9 - State Transition Diagram (detailed) 

 

Each state has entrance and exit criteria that must be satisfied for a state transition to take place.  

The concepts behind these criteria are common among shovels of similar design, however each 

shovel has unique resolver calibration values, so establishing numerical values for state 

transitions is not beneficial.  Understanding the restrictions of each state allows us to proceed 

with a logical analysis of what the machine is doing.  For example, if the dipper trip circuit is 

activated, the bucket door opens and the contents are dumped.  This is an exit condition for many 

states that transitions to the clean-up state.  However, if the shovel went through the tuck, dig and 

swing-to-truck states, then it is in a position where a truck should be when it dumps.  This would 
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be considered a productive cycle, however if the dipper trip circuit is activated in any state other 

than swing-to-truck, we know this is a clean-up action, as the bucket contents were dumped 

somewhere a truck could not possibly be.  The triggering of dipper trip satisfies an exit 

condition, but in the swing-to-truck state there are two alternatives.  The entrance requirements 

for dump and clean up determine which state the shovel will go into. 

Each state has entrance and exit requirements as well as fixed transition paths.  It is important to 

know the requirements of the whole system for accurate calculation of diggability parameters.  

The charts shown here and the transition table in Appendix E are complete for the cable shovels 

in this research.  However, it should be noted that this process has not been tested for its 

accuracy in encapsulating every type of irregular digging practice, for example digging well 

below track height, and should be used in those digging conditions with caution. 

Accurately identifying the values and limits that govern the states and state transitions is crucial 

to automatic dig state selection success.  To that end, a manually selected set of data is required 

to compare algorithms against.  The process of manually selecting data involves knowledge of 

the digging practices at a given mine and experience reading the data logger output.  Familiarity 

with operator styles and site-specific practices through time spent at each site made analysis of 

shovel states straight forward.  A sample of identified cycles can be seen in Figure 7-10.   For all 

three sites, a total of over 4500 productive dig cycles were manually identified. 
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Figure 7-10 - Recorded Data and Dig State Selection 

 

 The Clean-Up State 

Throughout the course of the research, the importance of identifying the clean-up state became 

apparent as there were much more such actions than previously experienced at other mine sites.  

The concern with clean-up actions is that they appear very similar to dig-cycles and could easily 

be misidentified as production work.  Even if dig states are properly identified and clean-up 

actions ignored, it can be advantageous to track the number and frequency of clean-up tasks.  

Also it could be beneficial to analyze where these activities are occurring spatially to see what 

areas require more preparatory work.  Additionally, the effect of this preparatory work on 

calculated metrics would be possible if the clean-up state was identified and a log of states kept.  



141 
 
 

By keeping track of clean-up and all the other states, a greater number of investigation avenues 

become open and a better understanding of excavation activities can be achieved. 
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 Challenges of Quantifying Dig Effort 

While accurately identifying the diggability of a rock mass is critical to improve blasting 

efficiency, there are still a number of challenges associated with accurately quantifying dig 

effort.  Consideration of the following factors would be crucial for the successful application of a 

diggability monitoring system.  

 

 Operator Influence 

Hendricks asserted that the monitored responses of the shovel signals are affected by the 

trajectory of the bucket through the muck pile.  As the bucket trajectory is determined by the 

operator, he asserted that the operator has an influence over the diggability indices.  This has 

been shown in other research as well indicating that operator influence can have significant 

impact on measured performance variables (Patnayak et al., 2008).  Having accounted for 

differences in bucket fill-factors and load weights, Hendricks demonstrated that, for the 

diggability indices calculated, the spread of average DI values for all operators was greater than 

the spread of DI values for an individual operator throughout a day of digging.  Hendricks 

concluded that operator influence is an important factor but is impractical to include in DI 

calculations.  Hendricks recommended including a daily average of bucket trajectories per 

operator to modify the average daily DI values, but due to the ever-changing nature of the rock 

face, individual modification to the DI values on a per-bucket basis would result in erroneous 

values. 
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Operators directly choose the trajectory to take through the muck pile, the distance between the 

shovel and the rock face, the amount they fill the bucket, etc.  The differences between operators 

are increasingly evident when various mine sites are considered.  Differing levels of training, 

style and experience account for diverse values in certain diggability metrics.  The data collected 

shows several instances where differences in training affected diggability metrics significantly, 

such as the calculated metrics shown in Chapter 5 from site ‘B’.  Hendricks’ work on trajectory 

attempted to correct for these differences and did show that certain trajectories through the muck 

pile were more efficient than others and that different operators of varying experience tended to 

improve with training and experience.  Unfortunately, due to the frequency of ‘exception 

conditions’, or conditions in which the operator is forced to dig in a sub-optimal manner, 

applying this approach to adjust diggability values was presented as a topic to be dealt with 

separately as it was so complex a problem.  The main difficulty with applying this method was 

the uncertainty in distance from shovel to muck pile and slope profile of the fragmented rock.  

Without a means of quantifying this, trajectories alone do not provide adequate information. 

In this thesis similar conclusions have been reached, leading the author to focus on identifying 

what metrics are sufficiently robust to overcome this issue and/or what additional steps would be 

required if presented with a digging scenario for which the appropriate metrics are insufficiently 

robust.  These results are outlined in Section 6.5.   
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 Training and Unique Operator Practices 

Operator training and experience varied significantly between sites, as described in Chapter 4.  

Operator performance also varied between operators for each site based primarily on experience 

but also on training.  Site ‘B’ did not have a formal training program and operators learned how 

to excavate by teaching one another.  At this site, significant variation in style was observed, 

with some operators believing in aggressive and deep penetration into the muck pile as the most 

efficient method, while others adopted a more even application of force throughout the dig cycle.  

While these different approaches would affect calculated metrics, they could be accounted for or 

averaged out over time by looking at values on an operator-by-operator basis.  Over the course of 

digging through a blast pattern, values for each operator could potentially be normalized, as was 

discussed in Hendricks’ work. 

Certain behaviours however cannot be accounted for in this fashion, such as was observed at site 

‘B’.  One operator employed a technique of rapidly actuating the crowd motor, believing that by 

‘vibrating’ into the muck pile, they achieved better bucket fill.  They described this as 

‘feathering’ the crowd motor.  By observing the data, it is apparent that by over penetrating into 

the muck pile, the hoist voltage starts to drop and the operator compensates by releasing the 

crowd joystick and ‘feathering’ back (retracting) until the hoist voltage recovers.  Once hoist 

voltage (velocity) recovers, the operator resumes full force until they cause the same problem a 

second time.  This can be seen in Figure 8-1 with the joystick actions circled in green and the 

effect on the crowd current signal indicated for the second ‘feathering’ event.   
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Figure 8-1 - Unique Operator Influence - "Feathering" 

 

Ironically, this unique behaviour from a novice operator is a crude, brute-force approximation of 

what the OptiDig® control system is designed to do; as hoist response is near stall, control and 

retract the dipper from the bank to optimize hoist performance.  The actions of this operator 

however did not improve cycle times or energy usage, but they do show an example of one of the 

many ways operators will, in the absence of proper training, approach digging challenges. 

 

 Operator Joystick Input 

In Hendricks’ study, the bucket position was known and the bucket weights were able to be 

calculated.  This information is unavailable in this study, however bucket position is available for 
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site ‘B’.  In this study however, the operator input from the joysticks was recorded for all three 

sites.  As the trajectory for each dig cycle is unique to the instantaneous profile of the muck pile 

at that time, and said profile is unknown, operator joystick inputs could potentially be used to 

compensate for differences between operators and factor the operator influence out of the 

diggability metric values.  In the example from the previous section, for instance, unique 

operator behaviour or simply overly aggressive digging style could be compensated for. 

Due to a lack of information about muck pile profile and bucket loads, further investigation into 

joystick input was not carried out, with the exception of identifying odd behaviour at site ‘B’ and 

illustrating the effect of the OptiDig® system at site ‘A’.  As such it has been used so far as a 

verification signal only. 

Potential future investigations of diggability metrics focusing on the joystick signals is described 

in Chapter 9. 

 

 Effect of Support Equipment 

The shovel operators are not the only personnel that can impact the authenticity of metrics 

designed to represent dig effort.  At each shovel, dozers were available to assist the shovel to 

varying degrees.  In the case of site ‘A’, dozers were not heavily involved, as the shovel 

operators were efficient, well trained and there was a steady supply of haul trucks always in the 

way, preventing dozer access near the shovel.  At site ‘B’, however, dozers were responsible for 

much of the clean-up work that was normally carried out by the shovel at site ‘A’.  Nowhere was 

the effect of dozers more pronounced, however, than at site ‘C’.  At this site, while the shovel 
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performed clean-up tasks of its own while waiting for trucks, the dozer was similarly inactive 

and performed clean-up work of its own.   

Since site ‘C’ was operating at a very low production rate, the shovel and dozer developed a 

system to keep both operators occupied, as well as minimize shovel movement.  The dozer 

operator would push material toward the shovel and up the bank to allow the shovel to get a good 

bucket load easily.  This has the effect of creating entire zones where it is not the shovel that 

digs, but rather the dozer.  A good example of this can be seen in Figure 8-2 where the 

highlighted areas indicate zones without bucket GPS points.  These areas were as full of broken 

rock as the adjacent areas, yet the shovel has no GPS record for these areas as the dozer 

operating alongside the shovel would push this material to within range of the shovel.  

 

Figure 8-2 - Highlighted Areas of Missing Metrics due to Support Vehicle Assistance 
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The width of this zone is nearly as wide as the path swept by the shovel, and shows us the extent 

of dozer activity.  Without similar information regarding position and motor performance 

onboard the dozer, the amount of effort input by the dozer is unknown.  There is no method of 

including dozer preparation work, which further obfuscates diggability metric results.  This 

practice, however, is common and occurs throughout the blast pattern, therefore its effects may 

not greatly influence the analysis as they may average out over time.  
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 Conclusions and Future Work 

 Conclusions 

It has been demonstrated that public domain metrics for the performance monitoring of large 

electric cable shovels are responsive to changes in the muck pile at some mine sites but not 

others.  The performance monitoring studies conducted in this research have furthered our 

understanding of how muck pile conditions affect digging effort in open pit mines and have 

identified the need for guidelines as to a condition-based approach to quantifying this effort 

based on blast performance and excavator capability.  Conclusions on specific objectives were 

reached that improved understanding of performance monitoring requirements for open pit 

shovels. 

 

 Primary Contribution 

The application of energy monitoring as an excavation performance metric for blasted hard rock 

muck piles is a new approach.  The identification of different shovel behaviours being dependent 

on muck pile conditions and shovel capability and the selection of performance metrics based on 

these factors is a new concept.  This method helps explain differences in the conclusions of 

similar previous studies that focused on a single rock type or digging scenario.  Further research 

with this in mind may help to reconcile other differences in the literature to provide a better 

understanding of excavation conditions. 
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  Comparative Analysis of Public Domain Diggability Metrics 

Public domain metrics were calculated at all three sites, each with their own unique geological 

setting.  Lithology was not seen to be a factor in calculated diggability values.  There were no 

noticeable excavation differences between bedded sedimentary rock and igneous rock as at all 

sites the fragments were similarly shaped.  Fragment size did play a role in the performance of 

public domain metrics, as sites with coarser fragmentation distributions were well represented by 

public domain metrics, while sites with finer fragmentation distributions were not well 

represented by public domain metrics.  The effect of heave is thought to affect calculated metrics 

along with fragment size distribution, with minimal heave increasing the digging effort along 

with coarse fragmentation and adequate or ample heave helping to decrease the digging effort.  

This conclusion regarding heave is based on observations and the amount of heave at each site 

was not readily quantifiable.   

 

 Sensitivity of Diggability Metrics to Dig-Cycle Timing Accuracy 

Metric dig-cycle time sensitivity was investigated and two unique methods of graphically 

representing the results were devised.  At site ‘B’, where energy was determined to be the best 

representative metric, early start times did not affect metric values significantly but late start 

times and early or late end times showed a significant effect on calculated values.  At site ‘C’, 

where hoist diggability index values were determined to be the best representative metric, early 
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and late start times showed significant effects on calculated values, while the metric values were 

not sensitive to early or late end times. 

A state machine was developed to qualify all possible states the shovel could be in at all times.  

The importance and benefit of this was shown in the prevalence of clean-up tasks, especially at 

site ‘C’.  The amount of energy spent on clean-up work was discussed and the risk of 

misidentifying clean-up tasks as productive digging was discussed.  The criticality of accurate 

cycle state identification for automation of diggability metrics was discussed. 

The state machine approach to cycle state identification is an improvement on previous cycle 

identification methods found in the literature.  Sensitivity of metric timing is a new contribution.  

Through the identification of all cycle states and analysis of metric sensitivity, implementations 

of diggability monitoring systems can improve the consistency of performance monitoring 

results by reducing falsely identified dig cycles and poorly calculated values due to timing errors. 

 

 Operator Influence 

Operator influence was analyzed and the following conclusions were reached: 

- Operator style/approach affects both diggability indices and energy consumption, 

however at sites where diggability indices represent digging conditions, operator 

influence affects energy consumption values and vice versa.  Therefore operator style 

does influence recorded metrics but at each site there exists a metric representative of 

digging conditions that is insensitive to operator influence. 
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- Clean-up tasks and preparation work vary from operator to operator.  This affects both 

the amount of dig energy consumed and total energy consumed but does not influence 

diggability metrics.  At sites where diggability metrics represent digging conditions, this 

is not relevant, however at sites where dig energy represents digging conditions, this 

could be problematic, however any potential effects were not able to be verified due to 

insufficient data. 

- Actions of support equipment operators may influence digging conditions to an unknown 

degree.  This is expected to influence both diggability metrics and energy consumption, 

but the degree of influence in unknown.  Extreme amounts of support equipment clean-up 

affect the GPS record for where fragmented rock originated, as it ends up being relocated 

prior to excavation.   

- Operator training impacts calculated metrics.  Experienced operators are both more 

efficient and have less variability in the metrics calculated in their area of excavation.  

This uniformity of experienced operators helps reduce data ‘noise’ and makes the 

identification of trends easier and the identification of difficult digging areas more 

accurate. 

- Monitoring operator joystick signals proved to be an important factor to help validate or 

discredit unusual motor signals.  Used in this thesis to either identify control system 

changes (the use of OptiDig®) or unusual operator behaviour (feathering), these signals 

should be studied further.  With good operator training and experience, these signals may 

be less important, but are advised to be investigated further in any future work. 
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Operator influence was deemed to be a potential source of multiple different impediments to dig 

metric calculation accuracy, however consistency of operator behaviour helps to mitigate this 

risk.  Operators that would dig aggressively would do so every time, while operators that were 

more conservative were always more conservative.  Calculating performance metrics on an 

operator-to-operator basis and identifying digging trends on a per-operator basis would reduce 

the risk of negatively influencing diggability metrics and energy consumption values.   

 

 Spatial Averaging and Smoothing Techniques 

Spatial representation of performance metrics was developed and used to compare other spatially 

referenced data.  Spatial averaging and smoothing techniques were developed based on shovel 

position to both eliminate bucket-to-bucket variability and identify broader trends in the data.  

The method of spatially visualizing the data and the methods of averaging and displaying this 

data are both novel and immediately useful for comparing other spatially located data.  

Representing diggability data on a per-bucket or per-truck basis relative to the blast pattern 

layout gives feedback about the blast performance in different ways, but in a context familiar to 

blast personnel.   

 

 Guidelines for Selection of Appropriate Diggability Metric  

Previous research into diggability metrics by Williamson et al. (1983), Grant et al. (1983),  Mol 

et al. (1987), and Hendricks (1990), is applicable to sites with difficult digging, specifically those 

with a combination of coarse fragmentation distributions, poorly heaved material and shovels 
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consistently working to their limit.  Diggability metrics were determined to not be representative 

of digging conditions with fine fragmentation distributions and larger or more powerful shovels 

than was required for such muck pile characteristics.  As the ratio of bucket size to maximum 

fragment size increases, the excavation trajectory becomes smoother, rock fragments begin to 

flow into the bucket and the diggability metrics become less applicable.   

Choosing appropriate metrics to measure dig effort was determined to rely on the combination of 

muck pile properties, shovel power and bucket size.  When the shovel/bucket combination is 

large enough relative to the maximum fragment size and powerful enough to excavate without 

requiring maximum power, energy consumption is an appropriate metric for representing dig 

effort.  Dig time can also be used to verify these results as longer dig times occur in areas of 

higher energy consumption.  When the shovel/bucket size-to-maximum fragment size ratio is not 

large enough and the machine lacks sufficient power to dig without operating at its limits, 

diggability metrics are an appropriate metric for representing dig effort.  Blast performance was 

seen to be more important that geology in terms of determining dig performance, however 

fragment shapes at each site were similar (cubic) and therefore further study would be required 

to investigate the effect of more tabular fragment shapes on dig effort.  

 

 Recommendations for Future Work 

The reliance of diggability metric selection on environmental and equipment factors has been 

demonstrated in this thesis, however through this research, various additional questions and 

research avenues have emerged.   
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 Automated Cycle State Detection 

Over 4500 dig cycle states were manually identified in this work.  While extremely accurate, this 

method is inefficient and it is evident that an automated cycle state detection algorithm would 

prove beneficial.  Based on the state machine developed in this thesis and the state transition 

details in the appendix, an alpha version of an automatic cycle detection algorithm has been 

completed and tested to 95% accuracy for a selection of data at site ‘C’.  Further refinement of 

this algorithm is needed to capture various digging styles and types of digging challenges.  

Development of an accurate automatic cycle detection algorithm would enable the long-term 

collection and analysis of digging data and be the first step towards the use of a reliable shovel 

monitoring-based blast pattern feedback system.  Without the need to manually select dig cycles, 

long term trending of shovel performance becomes much more accessible. 

 

 Operator Joystick Behaviour 

Unique operator behaviours affecting metric calculation were identified using the joystick signal.  

Further investigation into the effects of the operator joystick signal would be beneficial to 

understanding motor behaviour and the magnitude of operator influence on calculated metrics.  

Various methods could be employed, including weighting of data points in the diggability metric 

calculation relative to joystick output, analysis of the time-variation between operator request 

and motor performance, or even the calculation of a ‘joystick diggability index’ to look at the 

raggedness of the joystick signal relative to motor performance. 
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 Monitoring Power 

With the importance of energy monitoring becoming apparent in this research, further research 

into power monitoring is advised.  Current metrics analyze average power usage and total energy 

but do not indicate when power use is high or low throughout the dig cycle.  Due to the variation 

in geometry of the shovel sticks and dipper throughout this cycle, and the muck pile variations as 

well, a system that provided metric data relative to vertical position in the muck pile could be 

advantageous.  A common blast performance failure is the presence of ‘hard toe’, meaning that 

the bottom of the blast is poorly fragmented relative to the upper portion.  With metrics 

describing conditions at different elevations of the blast, the metric maps developed here in two 

dimensions could be expanded to three dimensions.  Such information could be useful to blasters 

to know not only which holes performed poorly but how the performed poorly as well. 

 

 Combined Metric Rating System 

As discussed in Section 6.5, the simplicity of a single equation or system to represent all digging 

environments would be desirable.  Since a single equation appears inadequate, per the 

conclusions in this thesis, a weighted system of equations could potentially be derived to suit this 

purpose.  A weighted combination of metric values could potentially be representative of digging 

conditions at any mine site, despite differences to blast parameters or shovel capabilities.  Such a 

system could be arranged in a similar fashion to the familiar Rock Mass Rating system (RMR) 

which weights various factors to derive a single value.  This value is portable between mine sites 
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and is therefore a good method of comparing disparate rock masses.  Such a system for 

comparing digging conditions between mine sites could be beneficial. 

A system such as the RMR system for describing diggability would likely incorporate both the 

diggability indices and energy consumption results as well as cycle time and some measure of 

operator influence.  Additional metrics could also be included in the system as required.  The 

development of such a system would be challenging and require many more site investigations to 

tune and validate, but if successful could be even more useful to and an even greater number of 

mines.  Based on the data collected in this research, preliminary work on this topic can be 

attempted. 

 Use of Diggability Metrics for Closing the Quality Control Loop on the 

Drill-Blast-Muck Cycle 

This thesis has focused on the investigation of diggability metrics which capture the relevant 

information regarding digging conditions for further use in informing blast design and operations 

planning – thereby reducing overall costs.  However, the actual demonstration of the usefulness 

of diggability information for those purposes has not been addressed in this thesis, and forms a 

significant area for future investigation.  Such investigation would be complicated by the 

necessity for long-term longitudinal studies which would have to span numerous drill-blast-muck 

cycles.  Furthermore, such research would require the development of software utilities which 

could provide the relevant information to blast designers and operations planners in a timely and 

useable format.  A further complication is the challenge of activity based cost tracking in open-

pit operations. 
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 Additional Avenues for Future Work 

Verification of the elements described in Section 5.5 is recommended to determine the sensitivity 

of shovel diggability metrics to partial applications of shovel power, high frequency data 

acquisition speed and variability between dissimilar equipment at the same site.   

Further research into muck pile profiling in conjunction with shovel monitoring would be 

another area of research that would advance understanding of operator performance and 

efficiency, and subsequently operator influence on calculated diggability metrics.  In concert 

with research on operator joystick signals, muck pile profiling could help to factor the operator’s 

action out of calculated metrics completely and normalize all calculated performance values 

across a blast pattern.   

A study including the instrumentation and monitoring of support equipment in an integrated 

study is recommended.  By including all equipment that handles fragmented material, a study 

into, and a weighting of, their contribution could be more representative of blast performance 

than a shovel study alone.  
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Appendix A – Metric Maps 
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Appendix B – Sensitivity Data, Site ‘B’ 
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Appendix C – Sensitivity Data, Site ‘C’ 
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Appendix D – Dataq® Specifications 
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Appendix E – State Transition Requirements 

Note: Numbered variables are site specific and require calibration at each site 

Exit State Entry State Requirements 

Swing-to-
Truck Dump 

- Swing angle greater than ‘variable 1’ since end of dig 
AND 
- Dipper Trip has been activated after swing angle passed 

Swing-to-
Truck Clean-Up 

- Angle swing less than ‘variable 1’ since end of dig 
AND 
- Dipper Trip has been activated 

Dump 
Swing-to-

Bank - Swing angle greater than ‘variable 2’ since entering ‘Dump’ 

Swing-to-
Bank Tuck 

- Crowd resolver less than ‘variable 3’  
AND 
- Hoist resolver less than ‘variable 4’ 

Swing-to-
Bank Clean-Up 

- Hoist resolver is greater than ‘variable 4’  
AND/OR 
- Crowd is greater than ‘variable 3’  
AND 
- Hoist and Crowd have changed direction (to start digging) 
and there has been MORE than ’variable 5’ movement since 
direction change 

Tuck Dig 
- Hoist & Crowd have changed direction and there has been 
movement of MORE than ‘variable 5’ since direction change 

Tuck Clean-Up - Dipper trip activated 

Dig Clean-Up - Dipper trip activated 

Dig 
Swing-to-

Truck 

- Rate of change in Swing voltage signal (volts/sec2) is 
GREATER than that 
of the Hoist voltage signal for MORE than 1 second 

Excavating Wait - 10 Seconds elapse with less than 1% movement 

Wait Excavating - Greater than 1% movement 

Excavating Delay - Brakes SET 
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Wait Delay 

- 30 Seconds elapse with less than 1% movement 
OR 
- Brakes SET 

Delay Wait 

- Brakes RELEASED  
OR 
- Greater than 1% movement 

Wait Down - Power OFF 

Down Wait 

- Power ON  
AND 
- Brakes OFF for that state 

Delay Down - Power OFF 

Down Delay 

- Power ON  
AND 
- Brakes ON for that state 

Excavating Propel - Propel Brake RELEASED 

Propel Excavating - Propel Brake SET 

Any State Unknown 
- State conditions no longer satisfied and no prescribed 
transition requirements met 

Unknown Tuck - Conditions met for the new state  

 

As demonstrated above, the states and transitions between them have rigid conditions that 

describe them.  For instance it is not possible to go directly from the ‘Tuck’ state to the ‘Swing to 

Truck’ state.  In order to do so requires transferring through one of either the ‘Dig’, ‘Clean-Up’ 

or ‘Unknown’ states. 

Of all the states, the ‘Unknown’ state is the least defined as it encapsulates all of the positions 

and scenarios that do not fit one of the prescribed states.  In order to have a smoothly functioning 

and relevant state/state transition framework, the amount of time and number of instances that 
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qualify as ‘Unknown’ should be minimized.  The exception to this rule is when the machine is 

powered on and identifies an ‘Unknown’ state. 

When transferring between the excavating/operating sub chart and the main state chart, the 

existing state is held in memory from the excavating/operating sub chart in order to preserve dig 

cycle data that is interrupted by a ‘wait’, ‘down’, ‘propel’ or ‘down’ state.  If the variables have 

changed significantly, the machine should enter the ‘clean-up’ state or, at worst, the ‘unknown’ 

state until the next ‘Tuck’ state is achieved.  A system with sufficient states and well-defined 

transitions and variable values should yield a minimum number of ‘unknown’ conditions. 
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Appendix F – P&H 2800 Shovel Specifications 
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Appendix G – P&H 4100 Shovel Specifications 
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Appendix H – Hendricks’ Diggability Equations 

Below are representations of the diggability index equations from pages 180 and 183 of 

Hendricks’ Ph.D. thesis from 1990.  Note the terminology error of ‘SR = Sampling rate’ when 

the intent was ‘Sampling period’.  Hendricks’ work utilized two different recording devices with 

different sampling periods and the application of the equation in his work proves this to be a 

simple terminology error. 

 


